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—_ crac microscopy of cells, though a fairly 
Healthfrecent pursuit of biologists, has already provided 
Jiseaseqa great wealth of new information, far in excess 
»chemuayf what can be included in a brief talk. It is 
planned, therefore, to confine the discussion to a 
| “Hew of the more recently described elements of 
— ell fine structure which have been the special 
 Schofpiterest of our laboratory and which seem most 
ipppropriate for this program. 

The parade of micrographs of cell fine struc- 
D. Unigture which is currently appearing in the litera- 
of Phyture is conceivably perplexing for many readers 
pf biological literature. Micrographs at enormous 

Dise#pagnifications of 50-100 thousand diameters de- 
(4, 195fiet fibrils, particles, double membranes, vesicles, 
chet eticula and even more unusual structures with 
- pew names such as cristae and cisternae, without 
’ Mnuch regard for or reference to the old-fashioned 
ew Yo#td familiar picture of a cell. Though there is 
id. Mefome confusion in terminology and interpretation 
- City I§t is probably not greater than that which usu- 
lly characterizes a new field. The more surpris- 
fontefiofing and encouraging thing is that even in this pre- 
y. H ‘@iminary phase, a few general patterns of cell fine 
t Serv@tmcture are emerging. These are sufficiently 
biquitous in their occurrence to be classed 

imong the fundamental structures of the cell. 
An excellent example of repetition of struc- 
ural pattern is to be found in the electron micro- 
‘ope images of cilia (1). It will be recalled that 
ese small protoplasmic extensions from the sur- 
e of the cell are capable of a pendular or spiral 


Nashvi 

















673 


From the Rockefeller Institute for Medical Research, New York City 


motion which either moves the immediate envi- 
ronment past the cell or the cell through its 
medium. The cilia may be long or short (1-10 y) 
and occasionally occur in such large numbers as 
to give the cell surface in the light microscope 
image a pubescent appearance. The proximal or 
attached end of each cilium is anchored in the 
cell in what is usually referred to as a basal body 
or corpuscle, and with these there are frequently 
associated intracellular fibers or ciliary rootlets 
that are striated in a manner characteristic of 
protein fibers. 

Electron micrographs of longitudinal sections 
of cilia are not especially informative as far as 
the lash of the cilium is concerned. They show 
evidence of the presence of longitudinal filaments 
(150-300A in diameter) within the body of the 
cilium, just as several observers have noted, and 
also an enveloping membrane (2, 3). It is in pie- 
tures of cross sections that the more interesting 
attributes of cilia are revealed. The filaments, 
evident in longitudinal sections, are found in all 
to number 11; of these, 9 are evenly spaced in a 
ring within the cortex of the cilium, and 2 lie 
in the center (figs. 1 and 2). Higher resolution 
micrographs provide the further information that 
each of the peripheral filaments is double and 
that each element of the pair is closely similar in 
size to one of the central filaments. Thus it ap- 
pears that each cilium is supplied with 10 pairs 
of filaments, 9 peripheral and 1 central. The cen- 
tral pair is oriented in such a way that the plane 
which includes the two filaments also includes 
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one of the peripheral pairs and divides the cilium 
into two equal halves. Where the cilium has a 
pendular motion, as in the gill epithelium of 
Mya, this plane of bilaterality is normal to the 
direction of beat, as would indeed be expected 
for mechanical reasons. 

The functional significance of this fairly pre- 
cise organization is obscure. It is attractive, of 
course, to regard the filaments as contractile ele- 
ments capable of influencing the various bendings 
and contortions of the cilium, but that they 
possess this property has yet to be demonstrated. 
It does seem reasonable to conclude that the 
complex structure defined has some biological 
value, for throughout the evolution of higher 
forms the same pattern has been retained. In 
other words, the arrangement of filaments is pre- 
cisely the same whether the cilia are found in the 
oviduct of the human female or on the back of 
a protozoan (refs. 2, 3 and figs. 1 and 2). It is, 
moreover, the skeletal structure of plant cilia 
wherever these occur, e.g. on algal zoospores and 
fern spermatozoids (4) and it forms the core of 
the single cilium or flagellum, whether as part 
of the mammalian sperm (5-8) or the algal sper- 
matozoid (e.g., Fucus) (4). 

The literature now contains accounts of sev- 
eral other patterns of structure which are re- 
markably ubiquitous in their occurrence. Among 
these, the internal morphology of mitochondria 
is a fairly striking example. The variation be- 
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_ Fig. 1. Electron micrograph of transverse sec- 
tion through four cilia of epithelial cell lining 
human Fallopian tube. The image shows nine 
peripheral (double) and two central (single) fila- 
ments characteristic of all cilia. These are em- 
bedded in a matrix material of appreciable density 
but without evident structure. The cilium is ap- 
parently limited by a thin membrane (X 61,000). 
Fic. 2. Transverse sections through cilia of 
Paramecium multimicronucleatum. Peripheral and 
central filaments are characteristically arranged. 
The marginal nine are individually double, and 
' feach unit of the pair is similar in size and appear- 
ance to the single filaments in the center of the 
cilium. In cross section the filaments are defined 
by a dense line around a less dense center, as 
though possessing a tubular structure. Their out- 
side diameter is ~ 150 A. The membrane limiting 
he cilium is better resolved here than in preceding 
figure (X 45,000). 
Fig. 3. Micrograph of thin section through por- 
tions of two mitochondria from rat liver. The 
double membrane surrounding the mitochondrion 
§ evident at mm, internal folds or cristae are 
hown at c, and tubules of endoplasmic reticulum 
ter (X 70,000). 
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tween mitochondria of different cell types is 
greater than between cilia, but the general struc- 
tural attributes are similar in all cases. It is, 
therefore, now regarded as characteristic for mi- 
tochondria to show a number of internal lamellae 
(refs. 9-11 and fig. 3). These, it appears, are es- 
sentially folds directed internally from the inner- 
most of two membranes which constitute the 
wall of these organelles. These folds or ridges 
(the ‘cristae mitochondriales’ of Palade) extend 
only part way across the cavity of the mito- 
chondrion, so that the enclosed space within the 
organelle is a continuous one. They are quite 
uniform in thickness (usually about 200A) but 
vary considerably in number. Such structures 
obviously provide the mitochondria with a 
greater area of internal surface, upon which are 
spread, presumably, certain of the several oxida- 
tive enzymes and enzyme chains known to be 
present in these organelles. It is too early to say 
whether there is any significant correlation be- 
tween the number of cristae, i.e. the total surface 
provided, and the metabolic characteristics of 
the cell in which the mitochondria are found. 
But distinctions such as that between liver mito- 
chondria, where the number of cristae is small, 
and heart muscle, where the number is much 
greater, are easily made and probably very mean- 
ingful. The present purpose is to direct attention 
to the fundamental nature of this internal struc- 
ture which is repeated in all forms, including 
protozoa, though in this latter instance the cristae 
have the form of microvilli rather than folds 
(fig. 4). 


Fig. 4. Micrograph of mitochondria found in 
cortex of Paramecium multimicronucleatum. Edge- 
on view of mitochondrial membrane not apparent 
because plane of section cuts obliquely through 
organelle margin. The cristae in these mito- 
chondria are shaped like microvilli, as indicated 
by outlines of cross sections, c among the longi- 
tudinal (X 46,000). 

Fra. 5. Electron micrograph showing portion of 
thinly-spread macrophage from adult chick. This 
is an image of the entire content of the cytoplasm 
within this small area of the cell and not a thin 
section. Mitochondria, one a branching form, are 
indicated at m, lipid granule at lg and vesiculated 
strands of endoplasmic reticulum at er (X 17,000). 

Fie. 6. Portion of thin section through chick 
macrophage fixed in situ. Beside nucleus n, and 
mitochondrion m, it shows profiles through vesicu- 
lar elements of the endoplasmic reticulum er. 
These, it may be noted, are of approximately the 
same size as those shown in the cell fixed in vitro 
(fig. 5) and likewise disposed in rows or strands as 
evident at er (X 28,000). 
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Distinctive patterns of organization have been 
found to repeat in the structure of chloroplasts 
(12-14) and indeed in all photoreceptors (15). 
Certain fundamental features of structure are 
also evident in myofibrils wherever found (16- 
19), in bridges between cells (20) and in fibrous 
membranes outside of cells (21). 

In large part, this new information about the 
structure of cilia and mitochondria and other 
components of cells and tissues is a product of 
technics devised only recently for cutting thin 
sections. The procedures involve the fixation or 
preservation of the cell structure in a near-to- 
native state with buffered solutions of OsO, 
followed by dehydration with alcohol and embed- 
ding in a plastic matrix. Sectioning is accom- 
plished with glass knives and specially-designed 
microtomes. The latter instruments, of which 
several models are now available, have the de- 
monstrable ability to cut serial sections as thin 
as 250A with considerable regularity. Thus it is 
that currently cells and tissues are prepared for 
high resolution microscopy with as little difficulty 
as for light microscopy (22-24). 

Not all the images of cell fine structure pro- 
vided by electron microscopy of thin sections are 
as easy to analyze and translate into useful in- 
formation as those of cilia and mitochondria. 
This is particularly true for some of the larger 
structural systems of the cell which vary con- 
siderably from one cell type to another and even 
between cells of identical type. In the face of such 
variation and the relatively minute sample pro- 
vided by a usefully thin section, it is sometimes 
difficult to define the form of the entire structure 
or even small parts thereof. It is accordingly 
somewhat hazardous, on the basis of this type of 
analysis, to characterize such highly variable 
structures as constituting a single class or type 
of cell inclusion. Nonetheless to do so is impor- 
tant, for it not only lends order to the new in- 
formation but permits one to derive from ob- 
served correlations between form and cell type 
a few clues to the functional significance of the 
system represented. 

One element of cytoplasmic fine structure that 
is commonly-occurring and that exemplifies this 
variability was discovered relatively early in the 
application of electron microscopy to the study 
of cells. It may be described in a few words as a 
finely-divided vacuolar system of the cytoplasm. 
In some types of cells it constitutes a conspicuous 
element of the cytoplasm; in other types it is 
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remarkably inconspicuous. Even in_ identical 
cells under identical environmental conditions it 
may, for no obvious reason, be either finely di- 
vided or coarsely vesicular. It has been shown in 
some cells to be associated with the basophilic lig 
or RNA-containing component of the cytoplasm, of 
And there is now good evidence that it is the in det 
situ equivalent of the microsomal fraction, as | 8 
originally isolated and described by Claude (25), | 

The earliest images of this newly-defined com. | ® 
ponent of the cell were obtained from electron phi 
microscopy of cultured cells that, in some in- 


ie — Sas — ee) 


stances, are thin enough for electron penetration, | 
This was before adequate technics had been de- f P®! 
veloped for cutting thin sections. These images | ' 

for 


described the structure simply as a lacework of 
greater density present in the optically-empty by 
ground substance of the cytoplasm (26). Subse- 


and microscopy defined the aforementioned lace- 
work as a complex reticulum of smooth or vesicu- 
lated strands (ref. 27 and fig. 5). It was further 
made evident that the structure was limited by 
a membrane and that its content largely evapo- 
rated when the cell was dried. The concept of the 
network as a finely-divided vacuolar system grew 
out of these few observations. 

Variations observed in the form of the system 
were striking. In some cells it appeared as a con- 
tinuous system of slender canaliculi (100 my or 
less in diameter) and in others as a discoritizuous 
or dispersed system of separate vesicles (300 my 
or more). The existence of such differences be- 
tween adjacent cells of identical type in the same 
preparation defined the structure as extraordi- 
narily labile and probably responsive to slight 
changes in the physiological state of the cell. Thej"* 
distribution of the system in these cultured cells” ” 
placed it as a component of the endoplasmic orf P&M 
more generally solated portion of the cytoplasm little 
and from this and its form it came to be referred} Prof 
to as the endoplasmic reticulum. Its common oc} Is 
currence in all cells examined in this type of easil 
preparation suggested that it represented a ubi- senti 
quitous and probably fundamental component plasn 
of the cell. ‘ ated 

The possibility was not overlooked that the large 
structure might represent an artifact of prepara- efin 
tion procedures, especially since it showed such nized 
extreme pleomorphism. Attempts were therefore The 
made to see it in living cells by phase cafe 
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and dark-field microscopy. In some instances this sectic 
was successful and reasonably so because, aspY" 
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pointed out above, the dimensions of the strands 
and vesicles observed in the electron microscope 
images were occasionally greater than those of 
mitochondria, and so well within the range of 
light resolution. It was noted also that a pattern 
of similar character and distribution could be 
demonstrated in some cultured cells after stain- 
ing with hematoxylin or with other basic dyes, 
and this was accepted as evidence that the sys- 
tem represents or is associated with the baso- 
philic component of the cytoplasm. 

The limited usefulness of cultured cells for 
electron microscopy of this and other cell com- 
ponents is obvious. In the case of the endoplasmic 
reticulum, for example, the three-dimensional 
form of the subunits of the system was destroyed 
by the flattening inherent in drying. Internal 
structure, if any, in the units of the system was 
concealed by the membranes limiting the system. 
It was thought, moreover, that the form and dis- 
tribution of the system depicted to good advan- 
tage in these thinly-spread cells might depart ap- 
preciably from that present in the equivalent cell 
examined in situ. But most limiting of all was 
the fact that only a small variety of cells could 
be cultured in a form really useful for microscopy 
and almost none in their native differentiated 
form. For reasons of this nature the demonstrable 
usefulness of cultured cells did not greatly reduce 
the need for adequately thin sections, especially 
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for investigations of this complex vacuolar sys- 
tem. ; 

One of the first interests in examining sections 
of cells and tissues fixed in situ was to see whether 
this newly-defined component of the cytoplasm 
could be identified and how it would appear in 
cells of the same type as those studied after 
in vitro cultivation (figs. 5 and 6). Several com- 
parisons were eventually made and, in each case, 
little or no difficulty was encountered in finding 


-eferred| Profiles of vesicles or tubules in thin sections of 


non o¢- 


cells of the intact tissue (28). Such profiles were 


type of easily identified by size and distribution as repre- 
1 a ubif enting sections through trabeculae of the endo- 


:ponent 


plasmic reticulum (fig. 6). A special differenti- 
ated variant of the system having the form of 


hat. the large, flattened vesicles (called cisternae) was 
yrepara- defined by the thin sections and thereafter recog- 


ed such 
herefore 
sontrast 
ces this 
yuse, 48 


nized in the preparations of whole cultured cells. 
The tridimensional reticular character of the sys- 
fem in cells in situ was demonstrated with serial 
fection (23, 28). It is important to note, how- 

ver, that while evidence from sectioned mate- 
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rial substantiated the observations made on cul- 
tured cells it did not entirely replace them, for 
it was the early pictures of cells in toto which 
defined the system as a reticulum, a fact that 
would have been tardily recognized from thin 
sections alone. 

Subsequent studies using sectioned material 
have sought to determine whether this vacuolar 
system is a generally-occurring one and, if so, 
in what manner it varies in form and distribution 
among different types of cells. It may be as- 
sumed, as mentioned earlier, that from the varia- 
tions in form and relation to other cell compo- 
nents some indication of function may become 
evident. A wide variety of cells has now been 
studied by these procedures. In all cases except 
mature erythrocytes, the cytoplasmic ground 
substance has been found to contain membrane- 
bound vesicles or tubules of the same general 
character as those encountered in the cultured 
cells. In certain types of cells they have been ob- 
served to adopt a distinctive form and organiza- 
tion which could reasonably be interpreted as 
expressions of cell differentiation in the usual 
sense. 

In striated muscle cells, for example, the re- 
ticulum is present as a delicate lace-like sleeve 
around and between the myofibrils (fig. 7). In 
liver, it frequently appears as slender canalicular 
elements which are loosely bundled together into 
skeins (fig. 8). In other types of cells (e.g., epi- 
dermal or spermatocytes) the vesicular elements 
may be completely independent from one an- 
other, forming a discontinuous vacuolar system. 
These descriptive comments refer to the reticu- 
lum as it occurs in the cytoplasm outside the im- 
mediate vicinity of the centrosome where the 
fine structure is characteristically different. 

The form adopted by the system in cells pre- 
ducing protein-rich secretions (e.g., acinar cells 
of parotid or pancreas) is especially character- 
istic. Here the profiles of the trabeculae of the 
reticulum are generally not round but very elon- 
gate (fig. 9). They vary somewhat in width (50- 
150 my) and greatly in length. At first glance 
they might be regarded as representing longi- 
tudinal sections through tubules. It is evident, 
however, from the continuity of well-defined 
membranes around the ends of the majority of 
the profiles, from the frequency of their appear- 
ance in these cells (highly improbable statistically 
if tubules), and most especially from a study of 
serial sections, that the profiles represent sections 
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Fic. 7. Micrograph of thin longitudinal section of striated muscle from myotome of tail of Ambly{, It} 
stoma larva. Membranous elements, vesicles and canaliculi of the endoplasmic reticulum are shown infOn ( 
the sarcoplasm between the myofibrils, mf (X 30,000). instal 


Fic. 8. Thin section through portion of rat liver cell. Margin of cell nucleus (n) is in field at leftiorigti; 


sectioned mitochondria at m and slender canaliculi in longitudinal section at er (X 33,000). 
678 
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through thin lamellar vesicles or cisternae. These 
show varying degrees of fenestration (con- 
stituting reticular sheets) with different physio- 
logical conditions of the cell. 

The system is obviously designed to provide 
these cells with as large an internal area of mem- 
brane surface as possible, but there is doubtless 
more purpose in the plan than this implies. The 
content of the vesicles, for example, is separated 
from the cytoplasmic matrix by the membrane 
which presumably influences diffusion between 
vesicles and matrix. There is no evidence of 
structure within the vesicles (figs. 9 and 11). 
However, the thickness of these flattened ele- 
ments is noted as remarkably uniform (~50 mp) 
under conditions regarded as normal, and per- 
haps more remarkable still is the tendency shown 
by the vesicles to retain a parallel orientation 
(figs. 9 and 10). This is maintained without the 
involvement of resolvable ordered structure in 
the intervening spaces. Possibly the fixation has 
not provided for a faithful preservation of order 
if present, but it seems more likely that the forces 
involved operate through polarization of the 
highly hydrated elements of the intervening 
trix. 

The striking lability of the endoplasmic re- 
iculum noted earlier in cultured cells is easily 
emonstrated as characteristic of this more highly 
ifferentiated form of the system. Frequently in 
lating the tissue sample for fixation slight 
age will be inflicted on the marginal cells of 
he block, and in such cells it is common to find 
he flattened cisternae undergoing various de- 
egrees of vesiculation (figs. 9 and 11). In the 
Itimate expression of this the continuous and 
xpansive flat cisterna is transformed into a 
yer of independent vesicles, which in their ar- 
ement may retain a semblance of the orien- 
tion of the original cisterna (fig. 9). This is 
robably a state of degradation which is reversi- 
le. The same may not be true of changes in the 
ystem induced by slight alterations in the tonic- 
ty of the medium. When, for example, a small 
ieee of parotid tissue is immersed in hypotonic 
yrode (0.6 NaCl instead of 0.85) for 10 minutes 
ore fixation, the well ordered layering of the 
esicles disappears entirely and is replaced by 
uch larger sinuses of irregular outline and con- 

inuity. Thus the system, as a special differentia- 
infion of these exocrine cells, is extraordinarily 
nstable, resembling in this as in other charac- 
istics the reticulum of the cultured cells. 
Besides showing a preferred orientation with 
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respect to one another, these flattened elements 
of the reticulum in glandular epithelium also oc- 
cupy a special and preferred location within the 
cell, especially where the cell has formed its nor- 
mal complement of secretory granules. In such 
cases, the cisternae adopt a parallel arrangement 
along the basal margins of the cell and so coin- 
cide in distribution with the basophilic compo- 
nent of the cytoplasm. This fact has been recog- 
nized by several workers (29-31). It has received 
further support from observations on experimen- 
tal or functional dislocations of the basophilic 
component, in which case the cisternae were ob- 
served to move in parallel with the affinity for 
basic dyes (32, 33). In this type of cell, repre- 
sented especially by the acinar cells of the pan- 
creas and parotid, there is, therefore, a close cor- 
relation between the special aggregations of these 
cisternae (a special form of the endoplasmic 
reticulum) and the basophilic component of the 
cytoplasm—the ergastoplasm of Garnier (34). 
The same correlation is evident from the study 
of basophilic Nissl bodies (35) or the intensely 
basophilic cytoplasm of plasma cells (36). 

The significance of this correlation is obvious. 
It indicates that the cytoplasmic RNA, which is 
responsible for basophilia, is in some way asso- 
ciated with these structures and that the system 
probably functions in the protein synthesis char- 
acteristic of these particular types of cells. The 
problem was to determine the nature of this RNA 
association, or where the RNA is located with 
respect to these elements. Is it contained within 
the vesicles, is it part of the membrane or is it 
part of the cytoplasmic matrix between these 
flattened vesicles? The answers to these questions 
have come from some recent studies of Palade 
(36). 

In the first place, it is perfectly clear at highe, 
magnifications that there is more in these in- 
tensely basophilic regions of acinar cells than the 
membrane-bound cisternae of the endoplasmic 
reticulum or ergastoplasm. Micrographs of such 
regions show a fairly dense accumulation of small 
dense particles (100-150A in diameter) in be- 
tween the cisternae (figs. 9 and 11). The majority 
of these are closely applied to the membrane sur- 
faces, but a certain proportion are always free 
in the cytoplasmic matrix. The distribution of 
particles of this general character among various 
types of cells has now been carefully studied (36) 
and found to be fairly widespread. They are al- 
ways especially concentrated around the cis- 
ternae of the endoplasmic reticulum in the re- 
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gions of intense basophilia characteristic of many 
dand cells. They are also abundant in the cyto- 
mic matrix of rapidly-growing cells of em- 
bryonic or regenerating tissues. In these latter 
alls, which are diffusely basophilic, the mem- 
brane-bound elements of the reticulum are, 
however, far from prominent. Furthermore, in cy- 
toplasms which show no basophilia and are acido- 
philic, such as granulocytes and spermatocytes, 
there are usually few or no granules, yet some- 
times a prominent development of vesicles. 
Hence the separation of particles and reticulum 
and a clear-cut indication that the particles and 
not the vacuolar elements are rich in RNA. As 
further evidence of this association it may be 
noted that nucleoli have been observed that are 
composed almost solely of small dense particu- 
lates of approximately this same size—150A (32). 
It is appropriate now to turn to studies of cell 
fractions to see where these have located the bulk 
f the cytoplasmic RNA. Early papers of Claude 
25) and others (37) reporting analyses of the so- 
ed microsome fraction, describe the fraction 
8 containing as much as 50% of the entire RNA 
ontent of the rat and mouse liver cell. The evi- 





of submicroscopic elements 80-150 my in 
jameter, and the suggestion was later made that 
hese elements were derived from the endoplasmic 
tticulum (27). Simultaneous and subsequent 

dies by Chantrenne (38) and by Petermann 
d co-workers (39) on similar material have 
lemonstrated that still smaller, essentially mac- 
molecular, components of the cytoplasm are 
specially rich in ribonucleic acid. These, it is 
fasonable to suppose, might represent the dense 
particulates of the electron microscope image de- 
tribed above. 





Fic. 9. Thin section through marginal portion 
[mucous cell from rat parotid. End of nucleus is 
ident at n, mitochondria at m and cell membrane 
t em. The long slender profiles represent trans- 
ise sections through flattened veiscles which 
d toward parallel orientation in these cells. 
vesicles or cisternae at the upper left are ex- 
ive, at least along one axis caught in the plane 
fsection. Those in the lower left are less so and 
Ow interruptions (arrows) where the plane of 
tion coincides with holes or fenestrae in the 
herwise intact and sheet-like structure. As a re- 
iit of such fenestration a cisterna becomes reticu- 
rand in the extreme may break up into parallel 
ys of separate vesicles. Small dense particu- 
es now known to be rich in RNA are especially 

ndant in the cytoplasmic matrix side of the 
mbranes (X 20,000). 
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The problem of relating these two sets of find- 
ings and resolving their differences is one requir- 
ing simultaneous chemical and electron micro- 
scope investigation of the products of centrifugal 
fractionation. This Palade and Siekevitz have re- 
cently attempted (40), and while their studies 
are still in a preliminary phase it is important 
to describe the results because they clearly relate 
the intact structure to the isolated cell compo- 
nent. In brief, they have shown that the fraction 
of rat liver, which is generally referred to as 
microsomal, consists of vesicular elements identi- 
cal with the vesicles of the endoplasmic reticu- 
lum. The presence of dense particulates on their 
surfaces further identifies them and demonstrates 
as well that the fraction consists of at least two 
components. These investigators further report 
that, with the aid of desoxycholate, the vesicular 
elements of the fraction could be destroyed and 
that the granules or dense particulates can then 
be sedimented out and analyzed separately. The 
results of such analyses have demonstrated that 
the particles and not the vesicles contain the 
RNA of the microsomal fraction, and therefore 
confirm the conclusions drawn from the micros- 
copy of intact cells. 


SUMMARY 


An attempt has been made to show that cer- 
tain submicroscopic components and patterns of 
structure repeat from cell to cell and organism to 
organism at levels of resolution provided by the 
electron microscope. Cilia and mitochondria in 
their fine structure are excellent examples. Fur- 
ther cell components of some special interest in 





Fig. 10. Micrograph showing parallel orienta- 
tion of cisternae along basal margin of albuminous 
cell of rat parotid. The apical portion of the cell , 
was filled with secretory granules at the time of 
fixation. When closely packed in this manner the 
cisternae are generally thinner than otherwise, 
and here have a thickness of approximately 350 A 
The membrane along the basal surface of the cell 
is at cm (X 27,000). 

Fig. 11. Micrograph showing small dense par- 
ticulates associated with surfaces of endoplasmic 
reticulum in pancreas cell of rat. Extended fixation 
with OsO, has accentuated the image of the par- 
ticulates by removing other components of the 
cytoplasmic matrix. In pancreas cells and other 
types involved in active protein synthesis the 
particulates are as a rule closely applied to the 
membranes, as here. They are now known to be 
rich in RNA (40) and are probably responsible for 
the pronounced basophilia of the reticulum char- 
acteristic of these cells (X 71,000). 
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this regard are a finely-divided, vacuolar system 
of the cytoplasm and a frequently associated 
small particulate. The vacuolar system appears 
frequently in the form of a complex reticulum, 
but this configuration is far from stable and under 
certain conditions the system may break down 
into separate and distinct vesicles. In this form 
it can be isolated from the cell as the so-called 
microsomal fraction. The property of basophilia 
that is frequently associated with this system has 
been shown to reside in the small ubiquitous 
particles which contain the greater part of the 
cytoplasmic RNA. 


Grateful acknowledgment is made to Dr. 
George Palade for figure 8 and to Dr. Michael 
Watson for figure 3. Figures2 and 4 are from astudy 
with Dr. Albert Sedar currently in press. 
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ec ution is a chemical reaction in 
53. | Which an amino group is transferred from one 
jmolecule to another without the intermediate 
participation of ammonia. Herbst and Engel, 
in 1934, were the first to demonstrate such reac- 
tions using boiling aqueous solutions of amino 
Jand keto acids (1). Several years later, as a result 
jof the pioneer studies of Braunstein and Kritz- 
mann (2) and of Cohen (3), the occurrence of 
jenzymatic transamination was recognized. Until 
recently, transamination was considered to be 




























nd a) oxalacetate and b) pyruvate. It may be 
oted, however, that experimental evidence 
onsistent with a more significant role of trans- 
mination reactions was available from several 
pproaches. 

{ Evidence for amination of a-keto acids to the 
nalogous amino acids was obtained many years 
in perfusion experiments (4) and also in whole 
nimal studies in which an administered a-keto 
id led to the urinary excretion of the corre- 
ponding N-acetyl amino acid (5). The ability of 
-keto acids to serve in place of the analogous 
mino acids in metabolic reactions and in sup- 
rting growth has been shown in a great number 
f experiments. One of the earliest was that of 
‘anzanelli, Guild, and Harington (6), who ob- 
rved that the a-keto analogue of thyroxine 
xhibited thyroxine activity. More recent work 
as revealed rapid incorporation of administered 
mmonium and amino group nitrogen into al- 
ost all of the amino acids (7), and the similarly 
pid biological labilization of the a-hydrogen 
tom of amino acids (8). 


'San Francisco, April 12, 1955. 
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TRANSAMINATION IN AMINO ACID METABOLISM 


ALTON MEISTER 


From the Laboratory of Biochemistry, National Cancer Institute, National Institutes of 
Health, Bethesda, Maryland 


Although these investigations were (and still 
are) consistent with the widespread occurrence 
and significance of transamination reactions, it 
was generally believed until recently that the 
transamination reaction was of relatively limited 
scope and metabolic significance (7, 9, 10). The 
general importance of transamination has become 
evident from a) studies on the degradation and 
synthesis of individual amino acids using isotopic 
and mutant techniques, and 6) the demonstra- 
tion of a great variety of enzymatic transamina- 
tion reactions. The development of improved 
techniques of amino acid identification and 
quantitation has had a great influence on work 
in this area. 

The occurrence of an a-ketoglutarate-amino 
acid reaction has now been shown in a variety 
of animal and plant tissues and in a number of 
microorganisms. Virtually every known natural 
amino acid (and several which are as yet known 
only as products of synthetic organic chemistry) 
has been found to participate in enzymatic trans- ‘ 
amination. The task of those interested in such 
reactions is at least two fold: a) to elucidate the 
nature of these reactions and the associated 
catalytic components, and b) to evaluate, if 
possible, the significance of these reactions in 
metabolism. 

Some of the transamination reactions which 
have been observed are listed in table 1. In 
addition to reversible reactions between a-keto- 
glutarate and the common natural L-a-amino 
acids, a number of reactions not involving di- 
carboxylic amino or keto acids has been reported. 
Transamination of w-amino acids (and alde- 
hydes), amino acid amides, and p-amino acids 
has also been observed. A reaction between 
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(1) a-Ketoglutarate + L-a-amino acid = L-glutamate + a-Keto Acid 
(2) a-Ketoglutarate + y-aminobutyric acid — L-glutamate + succinic semialdehyde 


(3) a-Ketoglutarate + D-a-amino acid 


(4) L-Glutamine + a-keto acid — a-Ketoglutaramate + L-a-amino acid 
(5) L-Asparagine + a-Keto acid = a-Ketosuccinamate + L-a-amino acid 


(6) u-Ornithine + a-Keto acid = 
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TaBLE 1. SOME REPRESENTATIVE TRANSAMINATION REACTIONS* of i 
mut 

of 

= p-glutamate + a-Keto acid ez) 

leuc 

L-a-amino acid + L-glutamic-y-semialdehyde ° “ 

vali 

abso 


(7) u-Valine + pyruvate — L-alanine + a-Ketoisovalerate 
(8) u-Serine + pyruvate = L-alanine + §-hydroxypyruvate 
-y-semialdehyde + L-glutamate — a-Ketoglutarate + a-N-acetyl-L-ornithine 
(10) Imidazole acetol phosphate + L-glutamate — L-Histidinol phosphate + a-Ketoglutarate 


(9) N-Acetyl-L-glutamic 
* See also (11). 


a-ketoglutarate and imidazole acetol phosphate 
yielding glutamate and histidinol phosphate rep- 
resents a new type of reaction involving phos- 
phate esters. Time does not permit a detailed 
consideration of each of these reactions. This 
presentation will therefore be limited to a dis- 
cussion of several representative enzymatic trans- 
amination reactions, which have been studied in 
our laboratory. 


TRANSAMINASES OF ESCHERICHIA COLI 


A great amount of the work which has been 
done on the biosynthesis of amino acids has been 
carried out with E. coli and mutants of this 
organism. That preparations of E. coli were 
capable of catalyzing a variety of a-ketoglutarate- 
amino acid transamination reactions was first 
demonstrated by Feldman and Gunsalus (12). 
In an attempt to gain information concerning 
the nature of the transaminases of such cells, 
Dr. D. Rudman and I fractionated cell-free 
extracts of E. coli by means of ammonium sulfate 
precipitation and selective adsorption and elution 
from calcium phosphate gel (13). By these means 
two major transaminase fractions were obtained. 
One of these (fraction B) catalyzed reversible 
transamination reactions between a-ketoglutarate 
and isoleucine, leucine, valine, and to a lesser 
extent methionine, phenylalanine, and tyrosine. 
This fraction exhibited no activity toward trypto- 
phan or aspartate. The other fraction (A) cata- 
lyzed reactions between a-ketoglutarate and 
aspartate, tryptophan, tyrosine, phenylalanine, 
and to a lesser extent methionine and leucine, 
but did not catalyze reactions involving valine 
or isoleucine, two of the most susceptible sub- 
strates of fraction B. In addition to a-ketoglu- 
tarate-amino acid reactions, each fraction 
catalyzed transamination between its susceptible 
amino acids and their a-keto analogues. For 
example, fraction B catalyzed reactions between 
leucine and a-keto-6-methylvalerate and between 


also 

a pa. 
synt 
posse 
tion 

acid 

muta 
activ 
acid § 
requi 
muta 
valine 
to eq’ 
a-ami 


isoleucine and a-ketoisovalerate. It is possible to 
account for such reactions in terms of coupled 
a-ketoglutarate-amino acid reactions, which 
might take place in the presence of small quan- 
tities of glutamate or a-ketoglutarate. However, 
there is evidence in support of the concept that 
such amino group transfers take place directly. 
The reactions given in table 2 have been studied 
in extensively dialyzed cell-free extracts of E. 
coli and also with mixtures of fractions A and B. 
Reaction 5 may take place directly or (providedf The 
that a-ketoglutarate or glutamate are present),/ tems 
may represent the sum of reactions 4 and 2. Thefbe pre 
failure of reaction 3 to take place suggests that} thesis 
a-ketoglutarate and glutamate are not present injrequir 
sufficient concentrations to permit the occurrencefthat a 
of such coupled reactions. These observationsgsized | 
are consistent with the concept that a singléie., pl 
transaminase can catalyze. transamination begamina 
tween several amino acid-keto acid pairs.” —_‘hoth fi 
Unequivocal evidence for the occurrence offfeactio 
direct transamination between monocarboxylifeonsid 
amino and keto acids arose from the isolation dyer, 
a separate enzyme (fraction C), which catalyzelized |, 
reversible transamination between valine ani, jot, 
pyruvate (or a-ketobutyrate). This fraction di@pon, ; 
not catalyze transamination between glutamatq,) i, 
(or aspartate) and a-ketoisovalerate or pyruvate iutent 
thus excluding the possibility of a coupled reac: 
tion. Cell-free extracts of an Z. coli mutant whieh 
required x-isoleucine for growth but which did 
not respond to d-a-keto-8-methylvalerate, ex 
hibited a specificity which was almost identics 
with that of fraction A obtained from the wil 
strain of origin; i.e., activity corresponding 1 
fraction B was lacking. On the basis of the one 
gene-one-enzyme hypothesis, it may be concludet 
that fraction B is a single enzyme. Fraction ‘ 
may possibly represent more than one enzyme mino s 
further purification will be necessary to clarif ixificat, 
this point. 80 fou 
Certain other aspects of this problem are als@acentr 
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of interest. As indicated above, the isoleucineless 
mutant which did not utilize the a-keto analogue 
of isoleucine for growth, did not possess an 
enzyme activity capable of synthesizing iso- 
leucine from its keto analogue. Since this enzyme 
is apparently identical with one which catalyzes 
valine formation from a-ketoisovalerate, an 
absolute growth requirement for valine might 
also be expected. Actually this mutant exhibits 
a partial requirement for valine, but is capable of 
synthesizing some valine, probably because it 
possesses enzyme activity corresponding to frac- 
tion C, i.e., the valine-alanine, a-aminobutyric 
acid transaminase. When this isoleucineless 
mutant is grown on valine-deficient media, the 
activity of the valine-alanine, a-aminobutyric 
acid system increases, and the organism no longer 
requires valine (14). However, isoleucineless 
mutants which require supplementation with 
valine for optimal growth respond equally well 
to equivalent concentrations of either alanine or 
a-aminobutyric acid (13). 
videlf There are, therefore, two transamination sys- 
sent),f{tems for valine synthesis in E. coli, and it may 
. Thefbe predicted that a genetic block of valine syn- 
. that thesis at the stage of a-ketoisovalerate would 
ont infrequire two mutations. It is interesting to note 
rencesthat at least three other amino acids are synthe- 
ationgsized in FE. coli via the corresponding a-keto acid, 
singlgi¢., phenylalanine, tyrosine, and leucine. Trans- 
n befamination of these amino acids is catalyzed by 
both fractions A and B, although, as noted above, 
ce Ofreactions of the aromatic amino acids proceed 
oxylifconsiderably more rapidly with fraction A. How- 
ion Oever, of the several amino acids which are synthe- 
ulyzeized by transamination from the corresponding 
e alGy-keto acids, isoleucine is the only one for which 
m. difthere is a single transaminase. This finding is 
ama"fonsistent with the fact that thus far the only 
uvalnutant known to be blocked at the stage of trans- 
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| red} mination is an isoleucineless mutant. 

whie 

ch dif AMINO ACID AMIDE TRANSAMINASES 

e, ex F ; : 
ail 4 The presence of relatively high concentrations 
ae free glutamine in the tissues and body fluids 
ing pi mammals suggests a significant metabolic role. 
0 ae ndeed, a number of studies have indicated that 
cludeputamine functions in formation of urinary 


tion #™™Monia, synthesis of purines, formation of 
nayme mino sugars, metabolism of nerve tissue, de- 
clarifyxification, and other reactions. Asparagine is 

s0 found in mammalian tissues, although the 
sre alsgacentration of this amide is much lower than 
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that of glutamine, and less is known of its meta- 
bolic function. 

The ability of glutamine to participate in trans- 
amination reactions with a-keto acids was first 
observed in 1950 (15). Preparations of rat liver 
and kidney catalyze the reaction, which leads to 
the formation of a new amino acid, a-ketoglu- 
tarate, and ammonia. The intermediate forma- 
tion of a-ketoglutaramate, the a-keto analogue of 
glutamine, was suspected inasmuch as a) sub- 
stitution of glutamine by glutamate resulted in 
lowered transamination rates, suggesting that 
deamidation did not precede transamination, and 
b) a-ketoglutaramate prepared by an independent 
procedure was promptly deamidated to a-keto- 
glutarate by the enzyme preparation (16). An 
analogous reaction catalyzed by an apparently 
different hepatic enzyme was observed between 
asparagine and a-keto acids (17); the a-keto 
analogue of asparagine, a-ketosuccinamate, was 
also susceptible to hydrolysis by the enzyme. 
Further evidence in support of the two-step 
mechanism proposed for these reactions was 
obtained in studies with the glutamine trans- 
aminase and y-methylglutamine (18). The latter 
compound (as well as the naturally occurring 
-methyleneglutamine) transaminated readily 
with a-keto acids, but no ammonia was formed in 
the reaction. a-Keto-y-methylglutaramic acid was 
shown to be a product of the y-methylglutamine- 
a-keto acid reaction, and a preparation of a-keto- 
y-methylglutaramic acid prepared by another 
procedure was not deamidated by the enzyme. 
These reactions may therefore be represented 
as follows. 


(1) Glutamine + a-Keto acid — a-Amino acid 
+ a-ketoglutaramate 


(2) a-Ketoglutaramate + HO — a-Ketoglutar- | 
ate + NH; 


(3) y-Methylglutamine + a-keto acid — a-amino 
acid + a-keto-y-methylglutaramate 


The a-keto analogues of glutamine, asparagine, 
and y-methylglutamine were prepared by a pro- 
cedure used previously in this laboratory for the 
preparation of a large number of other a-keto 
acids, namely by enzymatic oxidative deamina- 
tion of the corresponding amino acids followed by 
isolation in the pure state of the keto acid or its 
salt (19). It was found that the preparations of 
a-ketoglutaramate and a-ketosuccinamate ob- 
tained by this procedure differed from typical 
a-keto acids in that a) they formed 2,4-dinitro- 
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phenylhydrazones very slowly, and 6) they were 
not decarboxylated by hydrogen peroxide at 
pH 5. However, it was possible by treatment with 
alkali to convert these relatively unreactive 
forms to products which gave hydrazones rapidly 
and which underwent peroxide decarboxylation. 
It was also found that only the reactive forms 
were susceptible to enzymatic deamidation (16). 
Further study of this class of compounds has led 
to the preparation of a series of similar products, 
e.g., a-ketoadipamic acid, a-keto-N-dimethyl- 
glutaramic acid, y-(a-ketoglutaryl)-glycine, 
B-oxalacetylglycine, and it has become evident 
that the tendency to exist in such unreactive 
forms is restricted to a-keto acid-w-amides which 
possess carbon chains of 4 or 5 atoms and at least 
one unsubstituted amide hydrogen atom (18, 20). 
Recent studies in our laboratory by Dr. T. T. 
Otani suggest that a-ketoglutaramic acid exists 
as a cyclic structure formed by intramolecular 
hydrogen bonding (20): 


2 s 
CONH 2 

CHa CH2 | CH2 | 
Se “eo H 
ret, CH2 : CH2 : 
| | 
COOH COOH COOH 


Similar structures may be written for a-keto- 
succinamic acid and other compounds of this 
series. This formulation rests on evidence which 
appears to exclude other structures (e.g., enolic 
forms, imides, lactams) and on infrared absorp- 
tion data which support the proposed configura- 
tion. y-(a-ketoglutaryl)-glycine and y-(a-keto- 
glutaryl)-L-alanine exist predominantly in the 
cyclic state, while stable preparations of B-oxal- 
acetylglycine and 6-oxalacetyl-L-alanine in the 
open chain form may be readily obtained. Simi- 
larly, while a-ketoglutaramic acid exists mainly 
in the cyclic form even in alkaline (px 9) solution, 
neutral solutions of a-ketosuccinamate in the 
reactive form can be prepared (16). 

We have not as yet been able to demonstrate 
the formation of glutamine from a-ketoglutar- 
amate by enzymatic transamination (although this 
reaction has been carried out nonenzymatically 
with pyridoxamine at 100°), possibly because 
of the tendency of a-ketoglutaramate to exist 
in cyclic form, or because of its susceptibility to 
attack by the amidase. On the other hand, the 
asparagine-a-keto acid transamination reaction 
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appears to be reversible, i.e., a-ketosuccinamic 
acid readily transaminates with a variety of fy 










L-a-amino acids to yield L-asparagine (21): i)" 
(2) ¢ 
CONH » CONH ) 1 
] RCHCOOH —— | RCCOOH | 4) 1 
me 4 I CHa Gog 6) I 
I NH 2 | 0 
c=0 CHNH a 
| 
CGOH COOH 
Th 
The demonstration of this reaction provides}capal 


further support for the two-step mechanism pro-faspat 
posed for the asparagine-a-keto acid reaction, andfgener 
raises the question as to whether this reaction liver 
may be involved in the mechanism of asparaginefamin: 
synthesis. The formation of a-ketosuccinamatewhicl 
has thus far not been demonstrated (except from{prese 
asparagine itself by transamination or oxidation).jglutar 
An amidase present in liver and other tissues,ftamin 
which catalyzes the deamidation of a-ketdsue-fto ren 
cinamate, a-ketoglutaramate, glutaramate, andjamina 
succinamate, also catalyzes transfer reactionsamino 
involving hydroxylamine and the last three ojjrevers 
these amides (22). The possible role of this sysa-ketc 
tem in a-ketosuccinamate formation remains tofthat ¢ 
be investigated. marily 

The glutamine-a-keto acid system is charac-fthan i 
terized by a very wide specificity for the a-ketoj Bot! 





acid; on the other hand, only a few amino groupphosp! 
donors are active. Thus, L-glutamine may not b@or tra 
replaced by its enantiomorph or by its_higheghe pr 
(homoglutamine) or lower (@-aminomalor‘mignd in 


ich 





acid, asparagine) homologues. Although y-meth 
and y-methylene substituted glutamines argequire 
active, the a-methyl and 6-methy] derivatives oJ such 
glutamine are inert. y-Glutamylmethylamide way frac 
the only active amide-substituted derivative; imfitamir 
this case methylamine was formed in place opttemp 
ammonia. While certain glutamine derivative , 

were inactive as amino donors (e.g., homoglipjnical 
tamine, y-glutamyldimethylamide), their a-ket#fealth 
analogues were aminated in this system in t qriend ( 
presence of glutamine (18). Recently, Dr. T. Mare 
Otani in our laboratory observed that {-oxal be | 
acetylglycine and £-oxalacetyl-L-alanine werfion, P; 
capable of transamination with glutamine t@ere giv 
yield 8-aspartylglycine and 6-aspartylalaningttama 
(20). The demonstration of these reactions serve tt 
to widen the known scope of enzymatic tranfiytams 
amination to include compounds which _possesfon of p 
a peptide bond. However, transamination oflthoug] 


" : o 
a-peptides has not been unequivocally demon iow: 











strated. A study of the a-keto analogues of 7-8lbingami 
tamyl- and 8-aspartyl-peptides is in progress. 
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Y Of Byo Reaction 


00H 
*um/mg of enzyme preparation N/hr. (13). 


The fact that more then 30 a-keto acids are 
capable of transamination with glutamine and 
asparagine suggests that these systems may be of 
general significance in amino acid metabolism in 
liver and kidney, and it is probable that trans- 
amination represents at least one of the reactions 
which compete for glutamine and asparagine. The 
presence of an appreciable concentration of free 
glutamine in liver (23) suggests that the glu- 
tamine-a-keto acid system may function so as 
to remove free a-keto acids. The glutamine trans- 
aminase system, in contrast to the glutamate- 
amino acid systems, would appear to be ir- 
ree olfreversible because of rapid deamidation of 
s sysfo-ketoglutaramate. These considerations suggest 
ins tofthat the glutamine transaminase may be pri- 
marily involved in amino acid synthesis rather 
harac-¢han in amino acid breakdown.? 
x-keto) Both pyridoxal phosphate and pyridoxamine 
grouyphosphate are now known to be the coenzymes 
not b@or transaminase; a recent study has dealt with 
higheghe problems of coenzyme activation, binding, 
ramigand inhibition (24). Many of the transaminases 
nethygvhich have been described have been shown to 
s argequire a phosphorylated vitamin Be derivative. 
ives ofn such studies, transaminases have been resolved 
Je way fractionation procedures or by isolation from 
ive; igitamin Be deficient tissues or cells. Previous 
ace o@ttempts to demonstrate a coenzyme requirement 
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vativ€l + Some experiments recently carried out at the 
mogltPlinieal Center of the National Institutes of 
a-ket#Health in collaboration with Dr. Sidney Uden- 
in th@tiend (National Heart Institute) and Dr. Samuel 
Bessman (Department of Pediatrics, University 
_~* bf{Maryland Medical School) yielded results which 
B-oxal nay be of interest in connection with transamina- 
, Welfion. Patients with phenylpyruvic oligophrenia 
ine t@ere given relatively large doses of glutamine, 
alaningltamate, or asparagine. After glutamine ad- 
linistration, the urinary excretion of phenyl- 
yruvate fell to about 14 of the control value. 
tralflutamate and asparagine also reduced the excre- 
possesfion of phenylpyruvate, albeit to a smaller extent. 
ion opthough we cannot yet be certain as to the in- 
demon! rpretation of these effects, the possibility that 

t lowered phenylpyruvate excretion is due to 
f y-glu tnsamination between this keto acid and the 
ress. #ministered amino acid is attractive. 
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AMINO ACID METABOLISM 


({) Tyrosine + a-ketoglutarate — p-hydroxyphenylpyruvate + glutamate 

@) Glutamate + a-keto-8-methylvalerate = isoleucine + a-ketoglutarate 

§) Tyrosine + a-keto-8-methylvalerate = isoleucine + p-hydroxyphenylpyruvate 0 
({) Leucine + a-ketoglutarate — glutamate + a-ketoisocaproate 

6) Leucine + a-keto-8-methylvalerate = a-ketoisocaproate + isoleucine 
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TABLE 2. SEVERAL TRANSAMINATION REACTIONS CATALYZED BY E. COLI PREPARATIONS 


Transamination Rate* 


10.3 
8.1 


16.9 
14.4 


for the glutamine transaminase by fractionation 
or by utilizing the livers of vitamin Bg deficient 
rats were not successful (25). It was found that 
while the cysteine desulfhydrase and glutamate- 
alanine transaminase activities of the livers of 
vitamin Be deficient rats were markedly reduced, 
there was no significant lowering of glutamine 
transaminase activity. This result suggested that 
either vitamin Bs was not a coenzyme for the 
glutamine transaminase, or that the vitamin Be- 
coenzyme was very tightly bound by this enzyme. 

Recently it was reported that patients treated 
with isonicotinic acid hydrazide excreted large 
quantities of bound vitamin Bs, and that such 
patients experienced a neuritis amenable to 
therapy with vitamin Be, (26). Although clinical 
application generally follows laboratory study, 
in this instance the clinical observations sug- 
gested a laboratory approach. We therefore gave 
large doses of isonicotinic acid hydrazide to 
several groups of rats. Such treatment reduced 
the glutamine transaminase activity of the liver, 
and purified enzyme preparations obtained from 
these livers exhibited a considerable increase in 
activity after addition of either pyridoxal phos- 
phate or pyridoxamine phosphate (27). Isonico- 
tinic acid hydrazide has been reported to inhibit 
pyridoxal phosphate enzyme systems in vitro 
(28, 29). The in vivo activity of this compound 
may probably be ascribed to its ability to combine 
with pyridoxal phosphate to form the corres- 
ponding hydrazone. The present experiments 
suggest that the glutamine transaminase, like 
other transaminases, is a vitamin Bs enzyme, and 
also that under appropriate conditions, the de- 
amidation of glutamine may be made dependent 
on the presence of vitamin Bg (27). 


SIGNIFICANCE OF TRANSAMINATION IN METABOLISM 
OF OTHER AMINO ACIDS 


In this discussion I have attempted to review 
in some detail studies on the role of transamina- 
tion in the biosynthesis of amino acids in a bac- 
terial organism, and experiments on amino acid 
amide transamination in animal tissues (see 
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TABLE 3. TRANSAMINATION IN AMINO 
ACID METABOLISM (REFERENCES TO 


LITERATURE) * 

Amino Acid Synthesis Degradation 
Glutamate (9, 10) (9, 10) 
Aspartate (9, 10) (9, 10) 
Alanine (9, 10) (9, 10) 
Isoleucine (13, 14, 34, 35) (38) 
Valine (13, 14, 34, 35) (36, 37) 
Leucine (13) (39) 
Glycine (40) 

Tyrosine (41) (42, 48, 44) 
Lysine (45) 
Ornithine (46) (47) 
Tryptophan (48) 
Phenylalanine (13, 41) 

Glutamine (49) 
Asparagine (49) 
Diiodotyrosine (50) 
Histidine (51) 

Methionine 

Cysteine (52) 
B-Alanine (53, 54) 
y-Aminobutyrie acid (53, 54) 
Serine (55) (55) 


* See also (11). 


table 3). Although a number of other trans- 
amination systems are known, it is clear that the 
available data constitute only a small sample 
of the information necessary for a complete 
understanding of the metabolic significance of 
transamination. The first transamination reac- 
tions to be described, the glutamate-aspartate 
and glutamate-alanine reactions, provide im- 
portant links between these amino acids and the 
corresponding keto acid intermediates of the 
citric acid cycle. Recent work has demonstrated 
the occurrence of many other glutamate-amino 
acid transamination reactions, and the deamina- 
tion of L-amino acids observed in early work (5, 
30, 31) may plausibly be explained in terms of 
coupled transamination-glutamic dehydrogenase 
reactions: 


a-Ketoglutarate + t-Amino acid = 
L-Glutamate + a-Keto acid 


L-Glutamate + 4 O. = a-Ketoglutarate + NH; 


At this time there appears to be little evidence for 
the existence of a mammalian L-amino acid 
oxidase of appreciable activity. 

Recent studies suggest that the degradation of 
leucine, isoleucine, valine, and tyrosine proceeds 
via the corresponding a-keto acids, and that this 
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conversion takes place by transamination. Asm 7. 
discussed above, transamination appears to be 
the final step in the biosynthesis of these amino 
acids. Transamination reactions are also involved§ 9. 
in the interconversions between glutamate, orni 
thine, and proline, and in the synthesis of histi 
dine and glycine. The metabolism of cysteine © | 
may involve transamination of cysteine sulfinic | 
acid, cysteic acid, or of cysteine itself. The degra¥ 1. | 
dation of kynurenine and of lysine may alsq 12 
require transamination. 
It is thus apparent that the degradation o . 
many amino acids requires a preliminary separag iq. 
tion of the a-amino group from the amino aci@ 2 
carbon skeleton by transamination, and that thg ). } 
synthesis of amino acids frequently involves 4 
reversal of this reaction. At this time it appear 
that the ‘major’ metabolic pathways of severa 
amino acids (e. g., tryptophan, methionine§ 8 
phenylalanine) do not involve transaminationg 9 
although these amino acids are known to partic bd 
pate in such reactions in vitro. It may be observe 
that present designations of ‘major’ pathway 2. N 
of metabolism may not be final, and that pathg 21 
ways of minor significance from a quantitativ4 
standpoint may be of great physiological impor H 
tance. Thus, a relatively small fraction of 4; 
a-ketoisovalerate is diverted to pantoic aci§f 2. W 
formation (32). The presence of phenylacetyl 4. M 
glutamine in normal human urine (33) sugges ay 
that normally some phenylalanine may trang” p, 
aminate to phenylpyruvate, a pathway whi 6. Bi 
is exaggerated in phenylpyruviec oligophrenig £: 
The rapid incorporation of ammonia into almos : 
all of the amino acids of animal and plant tissuq 9 y, 
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is consistent with the widespread occurrence @ 19 
transamination reactions. The question as %. rh 
whether such amino acids as methionine, his Na 


dine, and tryptophan may be metabolized 4 — 19 
some extent by pathways involving transamin: 
tion to the analogous a-keto acids remains to 
investigated. 


REFERENCES 

1. Hersst, R. M. anv L. L. Enagu. J. Big be 

Chem. 107: 505, 1934. 

2. BRAuNSTEIN, A. E. anp M. G. KritzMan’ = 
Enzymologia 2: 129, 1937. 

3. ConEn, P. P. Biochem. J. 33: 1478, 1939. 

4. Emppen, G. anv E. Scumirz. Biochem. Zisch iransan 

29: 423, 1910; 38: 393, 1912. areas 11 

. Knoop, F. Zischr Physiol. Chem. 67: 489, 19fmarks — 

. CANZANELLI, A., R. Gurip AND C, R. Harin@fas alr 

Ton. Biochem. J. 29: 1617, 1935. pplen 


general 









oor 








ne 1,@ September 1955 AMINO ACID METABOLISM 689 


.. Ast 7. ScHOENHEIMER, R. T'he Dynamic State of Body 

Constituents. Cambridge; Harvard, 1949. 
8. Sprinson, D. B. ano D. RitrensBera. J. 
minof ~—_—- Biol. Chem. 184: 405, 1950. 
olvedf 9. Braunstein, A. E. In Advances in Protein 
orni Chemistry. Vol. III. New York: Academic 
histi Press, 1947, p. 1. 
steiney 2: CoueEn, P. P. In: The Enzymes, Vol. I, edited 
nel by Sumner-Myrback. New York: Academic 
ilfinicf = Press, 1951, p. 1040. 
legrad 11. Merster, A. Advances Enzymol. 16: 185, 1955. 
- als 12. Fetpman, L. I. anp I. C. Gunsatus. J. Biol. 

Chem. 187; 821, 1950. 
18. RupMAN, D. anp A. Merster. J. Biol. Chem. 
on Of 200; 591, 1953. 
sparag j4, ADELBERG, E. A. anp H. E. Umparcer. J. 
) acid Biol. Chem. 205: 475, 1953. 
at tha 15. Meister, A. anv S. V. Tice. J. Biol. Chem. 
veg q 187: 173, 1950. 
16. Meister, A. J. Biol. Chem. 200: 571, 1953. 
peary 17, Merster, A., H. A. Soper, 8. V. Tice Anp P. 
evera E. Fraser. J. Biol. Chem. 197: 319, 1952. 
onine§ 18. Meister, A. J. Biol. Chem. 210: 17, 1954. 
ation§ 9. Meister, A. J. Biol. Chem. 197: 309, 1952. 
artici Otani, T. T. anp A. Merster. Abstr., 127th 
ee Meeting, American Chemical Society, Cin- 
servel cinnati, Ohio, 1955. 
hwayg 21. Meister, A. anv P. E. Fraser. J. Biol. Chem. 
path 210: 37, 1954. 
tativg 22 Meister, A., L. Levintow, R. E. GreeEn- 
| FIELD AND P. A. ABENDSCHEIN. Abstr. 127th 
emo Meeting, American Chemical Society, Cin- 
on 0 cinnati, Ohio, 1955; J. Biol. Chem. In press. 
» acig 23. War sco, H. Advances Enzymol. 13: 237, 1952. 
acetyl] 4. Mersrer, A., H. A. Soper anv E. A. Perer- 
son. J. Biol. Chem. 206: 89, 1954. 

Bae 2. Meister, A., H. P. Morris anp S. V. Tice. 
trai § Proc. Soc. Exper. Biol. & Med. 82: 301, 1953. 
whi %. Brent, J. P. ano R. W. Vitter. Proc. Soc. 
irenil’ Exper. Biol. & Med. 85: 389, 1954. 
7. Meister, A. anv P. E. Fraser. Unpublished 


0 De 


almos d 

j ata. 

tissU@ 98, Yonepa, M. anv N. Asano. Science 117: 277, 
nce 1953. 

as 42. Yonepa, M., N. Kato anp M. Oxkasuna. 


histf ,, Nature 170: 803, 1952. 
» HIS 3). Nevpaver, O. Deut. Arch. klin. Med. 95: 211, 
ized # = 1999. 
amins 


31. Kress, H. A. Biochem. J. 29: 1620, 1935. 

32. Maas, W. K. ann H. K. Voagt. J. Bact. 65: 
388, 1953. 

33. Stern, W. H., A. C. Patapini, C. H. W. Hirs 
AND 8. Moore. J. Am. Chem. Soc. 76: 2848, 
1954. 

34. Bonner, D., E. L. Tatum ann G. W. BEap.e. 
Arch. Biochem. 3:71, 1943. 

35. UmBarGcerR, H. E. anp E. A. ApELBERG. J. 
Biol. Chem. 192: 883, 1951. 

36. Fongs, W. S., T. P. WAALKEs AND J. WuiTe. 
Arch. Biochem. Biophys., 32: 89, 1951. 

37. Peterson, E. A., W.S. Fongs anp J. Wuite. 
Arch. Biochem. Biophys. 36: 323, 1952. 

38. Coon, M. J., N.S. B. ABRAHAMSEN AND G. S. 
GREENE. J. Biol. Chem. 199: 75, 1952. 

39. Coon, M. J. anv S. Gurin. J. Biol. Chem. 180: 
1159, 1949. 

40. WeInHOUSE, S. AND B. FrRIENMANN. J. Biol. 
Chem. 191: 707, 1951. 

41. Davis, B. D. Advances Enzymol. 16: 247, 1955. 

42. ScneparTz, B. J. Biol. Chem. 193: 293, 1951. 

43. Knox, W. E. anp M. LeMay-Knox. Biochem. 
J. 49: 686, 1951. 

44. La Du, B. N., Jr. ano D. M. Greensera. J. 
Biol. Chem. 190: 245, 1951. 

45. Rorustein, M. anp L. I. MILier. J. Am. 
Chem. Soc. 75: 4847, 1953; 76: 1459, 1954. 

46. VoaEL, H. J. Amino Acid Metabolism. Balti- 
more: Johns Hopkins Press, 1955, p. 335. 

47. StetteEN, M. R. Amino Acid Metabolism. 
Baltimore: Johns Hopkins Press, 1955, p. 277. 

48. Miuuer, I. L., M. Tsucurpa ann E. A. ApEL- 
BERG. J. Biol. Chem. 203: 205, 1953. 

49. Merster, A. Science 120: 48, 1954. 

50. Tone, W., A. Taurog anv L. L. CuHarxorr. 
J. Biol. Chem. 207: 59, 1954. 

51. Amgs, B. Amino Acid Metabolism. Baltimore: 
Johns Hopkins Press, 1955, p. 357. 

52. Singer, T. P. Amino Acid Metabolism. Balti- 
more: Johns Hopkins Press, 1955, p. 558. 

53. Roserts, E. anp A. M. Bregorr. J. Biol. 

Chem. 201: 393, 1953. 
. Bessman, 8. P., J. Rossen ann E. C. Layne. 
J. Biol. Chem. 201: 385, 1953. 

55. Sauuacu, H. J. Amino Acid Metabolism. Balti- 

more: Johns Hopkins Press, 1955, p. 782. * 


= 





s to 


I. Big 


Ss brief discussion will be limited to a few 
9, _ | Seneral considerations of Dr. Meister’s review of 
: Zise }itansamination and in the main will emphasize the 
: areas in need of further study. Some of these re- 
g9, 19ifmarks will simply emphasize what Dr. Meister 
Harin@as already briefly referred to and others will 
pplement some aspects which time, I am certain, 
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has prevented Dr. Meister from including in his 
presentation. 

It is clear from Dr. Meister’s review that a large 
number of different transaminases exist and that 
the majority of these enzymes are in need of puri- 
fication so as to permit better definition of sub- 
strate specificity, kinetics, etc. 





FANN gicnenys 


Plies poe 


win eA 


if 


he pint 





690 FEDERATION PROCEEDINGS 


One problem which must be mentioned but 
which in all probability will not be readily resolved 
at this time, is that of nomenclature. While the 
term transaminase is generally accepted as suit- 
able for the type of enzyme, the more detailed 
reference to a particular transaminase has in- 
volved the use of a variety of names. In a review 
by the author (1) it was suggested that, in keeping 
with the tradition that the name of an enzyme 
should reveal as far as possible the nature of the 
substrate or substrates acted upon, the specific 
transaminases should be named by the prefix of 
the substrate pair under study. Thus glutamic- 
oxalacetic transaminase would describe the en- 
zyme which catalyzes the following reaction: 


COOH COOH 

| COOH | COOH 
CH 2 | CH» | 

CH2 | =—— CH? | 

| c=0 | CiHiNH 2 
CHNH 2 | C=0 | 

| COOH | COOH 
COOH COOH 


Dr. Meister has preferred to use the term glu- 
tamic-aspartic transaminase to describe this en- 
zyme. This terminology has the advantage of in- 
dicating both the amino group donor and the 
amino acid formed. While no serious problem is 
posed at the moment by the two systems of nomen- 
clature, in the interest of simplification multiple 
names for enzymes should be avoided. This dif- 
ficulty will no doubt ultimately be resolved by 
the many investigators in this field on the basis of 
their published preferences. 

The existence of a large number of different 
transaminases in plant, animal and microbial 
cells has presented the investigator with a large 
field to explore further. Information is particu- 
larly needed on the true rates of these reactions in 
different cells. Available data suggest a rather 
limited rate of transamination for certain amino 
acids. Without careful kinetic studies it is not 
proper to invoke transamination as an inter- 
mediate step in complex systems unless it can be 
established that the rate of transamination is 
consistent with the overall rate of the reaction 
under study. Adequate kinetic data are available 
for only a few transaminase systems. This need is 
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particularly urgent in establishing the obligatory 
role of transamination in the deamination of 
amino acids. It has been widely accepted that 
most, if not all, amino acids are deaminated in the 
animal by the following coupled system: 


a 








KETO- GLUTA- @ 

GLUTARIC | AMINO pRans-  _ ‘MIC KETO 

ACID ACID AMINASE” aAcIp ACID 
GLUTAMIC 
DEHYDROG- 
| ENASE 
NH, 


While Braunstein and Azarkh (2) have reported 
experiments which support such a cycle, Cedrang- 
olo (3) was not able to confirm certain of their 
findings. It is clear that a critical assessment of 
the rates of transamination of the different amino 
acids with a-ketoglutaric acid and the rate of glu- 
tamic acid oxidation in different tissues is neces- 
sary before this proposed cycle can be accepted 
as the main if not the obligatory pathway for the 
oxidative deamination of amino acids. It should 
be pointed out that in the animal, the pattern of 
transamination of a variety of amino acids varies 
considerably from organ to organ (4). It should be 
further emphasized that relatively little is known 
about the intracellular distribution of trans- 
aminases. 

A most useful contribution to the study of the 
metabolic role of transaminases in vitro and in 
vivo would be the availability of specific inhibitors 
for the transaminase systems. To date no effective 
specific inhibitors are known although the search 
for such useful agents has not been, to the writer’s 
knowledge, adequately explored. 
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oe the author published a compre- 
hensive review on intermediates in amino acid 
biosynthesis (1), and an exhaustive volume on 
amino acid metabolism has appeared (2). This 
paper will therefore present only brief summaries 
of selected portions of this material, as well as 
certain unpublished recent observations on aro- 
matic biosynthesis. 

The methods that have proved valuable in 
studying amino acid biosynthesis include the use 
of isotopes, antimetabolites, extracted enzymes, 
and auxotrophic (biosynthetically deficient) mu- 
tants of microorganisms. Of these methods, the 
last has been the most fruitful in revealing pre- 
viously unknown intermediates. It depends on 
two properties of these mutants: many of them 
accumulate in the culture filtrate large amounts 
of the substrate of the blocked reaction, and 
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many can respond nutritionally to later inter- 
mediates in the blocked pathway. It has therefore 
been particularly helpful to observe syntrophism 
(cross-feeding) between two strains with the same 
requirement, since one strain provides generous 
quantities of a previously unavailable intermedi- 
ate, and the other aids in its isolation by making 
bioassay possible. 


AROMATIC BIOSYNTHESIS 


The biosynthetic studies of our group have in 
recent years been largely concerned with the 
aromatic amino acids and vitamins. This under- 
taking was made possible by the isolation of a 
wide variety of bacterial mutants requiring a 
mixture of tyrosine, phenylalanine, tryptophan, 
p-aminobenzoic acid, and p-hydroxybenzoic acid. 
With the use of these strains the following scheme 
has been established (3). 


COOH 
C:0 
1 
CH» 
Phenyl- 
Fs pyruvic —> 


De Acid 


HOOC 


Phenyl- 
alanine 


Tyrosine 
OH 
Prephenic 


ue Acid 


(PPA) 


0 1 ——p Anthranilic — > —pindole ——® Try pto- 


\ Acid phan 











OH (POB) 
5-Dehydroquinic 5- heuaa a Ue 
Acid Acid Acid ee: Teeter 
(DHQ) (OHS) citi 
HoPO3” OH 


5-Phosphoshikimic 
Acid 
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All of the possible intermediates shown in this 
scheme (except quinic acid) have been isolated 
from culture filtrates of mutants blocked after 
them. In addition, 5-dehydroshikimic acid (DHS) 
(4) and shikimic acid (5) are active as growth 
factors for mutants blocked before them. In con- 
trast, Compound Zl (6), 5-phosphoshikimic 
acid (6), and prephenic acid (7, 8) are nutrition- 
ally inactive, presumably because of permeability 
barriers. DHQ (5-dehydroquinic acid) (9) is also 
inactive, but mutants blocked before it can de- 
velop a secondary mutation that allows them to 
respond to it (10). 

Phosphoshikimic acid may well be a side- 
product rather than an obligatory intermediate, 
since no mutants have been observed to be 
blocked between it and shikimic acid—.e., all 
available strains that accumulate either com- 
pound also accumulate the other (6). 

Prephenic acid is a compound of special in- 
terest since it is the substrate of the aromatiza- 
tion reaction in the biosynthesis of phenylalanine, 
undergoing dehydration and decarboxylation to 
yield phenylpyruvic acid and CO, (7, 8). It is 
extraordinarily labile to acid; even at a pH as 
high as 7 it demonstrably undergoes the same 
aromatization reaction that is normally carried 
out more rapidly in the cell by an enzyme. 

Compound ZI is an acid-labile conjugate of 
shikimic acid; it has recently been shown by 
Gilvarg (11) to yield pyruvic acid on hydrolysis. 
It thus appears to be a logical intermediate be- 
tween shikimic acid and prephenic acid, contain- 
ing the partly saturated ring and carboxyl group 
of the former compound, and also pyruvic acid 
in a labile attachment (presumably enol-ether) 
that precedes the firm attachment seen in the 
latter compound. 

Enzymatic studies on the reaction between 
DHQ and DHS (12), and on that between DHS 
and shikimic acid (13), have shown that each of 
these reactions appears to be mediated by a single 
enzyme, which is present in extracts of the wild 
type but absent from mutants blocked in that 
reaction. Furthermore, these enzymes are found 
to be widely distributed in microorganisms and 
plants. In contrast, the enzyme that converts 
quinic acid to DHQ is much more limited in 
distribution—e.g., it is present in wild type 
Aerobacter aerogenes but absent from Escherichia 
coli and various plants (14). This finding confirms 
the earlier suspicion (10) that quinic acid, even 
though an excellent precursor of aromatic com- 
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Fic. 1. Major incorporations of glucose carbon [47 o 
atoms into shikimate. (Whole numbers refer to tative 
carbon atoms of glucose; fractions incorporated J ,. . 
are given in parentheses.) :. 
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SD 
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pounds in certain Aerobacter mutants, was un- 
likely to be a true intermediate in this path since 


it was neither active for nor accumulated by cor- ly 


droxy. 
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found (15) that filtrates of mutants blocked before 
this compound contain small amounts of an in- 
termediate, provisionally called Compound YV, 
which was recognized through the fact that crude , 
extracts of appropriate mutants convert it to af... 
readily assayed derivative, DHS. Kalan and F 
Leitner have partly purified Compound V and a : 
shown that it is a phosphorylated keto acid, pre- Es 
sumably open-chain. / ‘ 
Meanwhile, studies on the incorporation of 
variously C-labeled glucose into shikimate by Spri 2 
intact cells, carried out in collaboration with . 
Sprinson and colleagues at Columbia University hi 9 
(16), yielded certain general information concern- Which 
ing the earliest stages of this pathway (fig. 1). phs ot 
The carboxyl-C1-C2 portion of shikimate was ithe 
: A 8 unin 
shown to be derived from a glycolytic fragment. ; 
The remainder of the molecule appeared to be 4 o 
derived from a 4-carbon fragment in which carbon | of 
atoms 3-6 of glucose are strongly represented 
The origin of this fragment can be explained by “a ie 
; : ther 
a transketolase-transaldolase series of reactions|. h 
involving pentose and heptose phosphates as 
well as triose and hexose phosphates (16). 
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1 It is assumed here that the same pathway isfteonde 
present in both these species. Actually quinichyelizat 
acid has been rigorously excluded as an inter-hat, an 
mediate in E. coli (since it is inactive with} thei 
extracts that can utilize the earlier possible on 
precursors—see below); but it has not been 
rigorously excluded for Aerobacter. Gen 
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It was clear that to obtain more detailed in- 
formation a cell-free system, unhampered by 
yrmeability barriers to phosphate esters, would 
every useful. Since crude extracts of appropriate 
mutants synthesize DHS from Compound \V, it 
wemed possible that still earlier precursors, e.g., 
phosphorylated carbohydrates, might also be 
ative. This proved to be the case. Various hexose 
phosphates gave a yield of about 5% (17); and 
edoheptulose-1 ,7-diphosphate (SDP)? yielded as 
much as 90% (18). Furthermore, carbon atoms 
47 of SDP-4,5,6,7-C™ were converted quanti- 
fatively and exclusively into carbon atoms 3-6 of 
shikimic acid. 
However, despite the excellent incorporation 
afSDP there was reason to believe that its carbon 
chain did not remain intact in the reactions lead- 
ing to cyclization. Carbon atoms 1, 2, and 3 of 
SDP are derived from glucose by way of dihy- 
droxyacetone phosphate (19), and so, in the 
presence of triose isomerase, would have their 
origin in carbon atoms (1,6)-(2,5)-(3,4) of glu- 
wse, respectively. If the intact chain of SDP 
underwent 2-7 cyclization the same distribution 
of glucose carbon atoms would be found in the 
carboxyl-C1-C2 portion of shikimate. But in fact 
the reverse order is found, with the carboxyl of 
shikimate arising from 3,4 of glucose rather than 
from 1,6 (fig. 1). It therefore appears that SDP 
was split into a 4-carbon and a 3-carbon fragment, 
: the latter of which was inverted prior to recombi- 
nation and cyclization. 
b | Further enzymatic studies carried out by 
% h Sprinson and colleagues (20) have lent support 
ee to this view. Addition of fluoride to the extract 
sity). " ‘ 
: otk (which prevents the conversion of triose Phos- 
1) phate to phosphoenolpyruvate) completely inhib- 
4 "Tits the synthesis of DHS from SDP. The synthesis 
i pe is unimpaired, however, when phosphoenolpyru- 
be vate is added with the fluoride. Moreover, a mix- 
ie ture of synthetic p-erythrose-4-phosphate (kindly 
nted a ished by Dr. C. E. Ballou) and phosphoenol- 
¥ ‘d bvt pyruvate can fully replace SDP in the synthesis. 
inte t therefore appears that SDP is cleaved to 
vc asftthrose phosphate (C 4-7) and dihydroxyace- 
°S tone phosphate (C 1-3), the latter is converted to 
bhosphoenolpyruvate, and this compound is 
vay isfeeondensed with the tetrose phosphate prior to 
yuinie yelization. Moreover, since phosphoenolpyru- 
intel-hate and tetrose phosphate do not require SDP 


eos or their formation, the latter compound, despite 
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its excellent utilization, may well not be an oblig- 
atory intermediate in aromatic biosynthesis. 

The early steps in aromatic biosynthesis can 
now be formulated in general as follows: 


00H 
C-OPO5H, 3 . 
I COOH 
CH, | 
G0 HOW OOOH 
PO, -ENOLPYRUVATE Fate 
‘ fre a ee 
a HOH 44 . | 
c CHOH 
CHOH rT Sih ot 
| CHOH 
CHOH 
CHOPO DHO 
CHOPOH, 32 








0- ERYTHROSE -4-PQ, 


OTHER AMINO ACIDS 


Certain novel features revealed in several other 
biosynthetic pathways might be briefly men- 
tioned. 

Histidine is derived from a series of imidazole 
derivatives, the ring being attached to glycerol 
phosphate which is converted to acetol phosphate 
and then transaminated (21, 22). After dephos- 
phorylation the resulting amino-alcohol, histi- 
dinol, (23) is oxidized to histidine via the amino- 
aldehyde, both stages of the oxidation apparently 
being catalyzed by the same DPN-linked enzyme 
(24). 

Isoleucine, Valine, Leucine. In the biosynthesis 
of isoleucine, a-ketobutyric acid (or a-amino- 
butyric acid) contributes four carbon atoms and 
the other two are derived from active acetate. 
However, isotopic studies have revealed that the 
chain of a-ketobutyrate does not remain intact. 
Two somewhat different mechanisms have been 
proposed to account for the data: one involves an 
aldol and the other a ketol condensation, and 
both involve a pinacol-like rearrangement (25, 
26). Similar observations have been made on 
valine synthesis, except that pyruvate takes the 
place of a-ketobutyrate (27). In leucine biosyn- 
thesis, isotope competition studies (28) as well as 
degradation of labeled leucine (29) have shown 
that the a-keto precursor of valine replaces its 
carboxyl group by an acetate group. 

Ornithine, Proline. The identification of N°- 
acetylornithine (30), accumulated by a mutant 
blocked before ornithine, revealed that the con- 
version of glutamic acid to ornithine involves a 
series of acetylated intermediates (31). The func- 
tion of the acetyl group is apparently to prevent 
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spontaneous cyclization at the y-aminoaldehyde 
stage in this sequence. Indeed, spontaneous cycli- 
zation of the corresponding non-acetylated de- 
rivative, glutamic y-semialdehyde, appears to be 
a normal step in the conversion of glutamic acid 
to proline (32). 


GENERAL CONSIDERATIONS 


The following general principles have become 
prominent in the course of analyzing the aromatic 
and other pathways of amino acid biosynthesis. 

1) A sharp distinction must be drawn _be- 
tween showing that a compound can serve as a 
precursor of an amino acid and showing that it is 
an obligatory intermediate in the biosynthesis of 
that amino acid from a general carbon source, 
such as glucose. In the aromatic pathway, for 
example, quinic acid is an excellent precursor for 
certain Aerobacter mutants, but a number of 
considerations suggest that it is not a normal 
intermediate. Similarly, various organisms can 
convert histidine to glutamic acid, or threonine 
to isoleucine, or ornithine to proline, but it is 
unlikely that these are normal biosynthetic paths. 
One important factor in this connection is that 
the exogenous administration of an amino acid 
can sometimes induce the formation of degrada- 
tive enzymes which are not formed when the 
organism has available only its endogenous supply 
of the same compound. 

2) There has been excellent concordance 
among the results obtained in biosynthetic studies 
employing the mutant, the enzymatic, and the 
isotopic techniques. This fact increases our confi- 
dence that we are dealing with true metabolic 
intermediates rather than artefacts produced as a 
result of mutations or of cell disruption and frac- 
tionation. In particular, the strongest evidence 
in favor of a compound as an essential inter- 
mediate appears to be furnished by the demon- 
stration that a) it is the respective product and 
substrate of a pair of enzymes in the wild-type 
cell, and 6) the absence of either of these enzymes 
in a mutant cell results in a new growth-factor 
requirement (33, 34). 

8) In contrast, the use of antimetabolites in 
inhibition analysis has not always furnished re- 
sults in harmony with those obtained by inde- 
pendent methods. For example, the multiple 
requirement of aromatic auxotrophs of E. coli 
for tyrosine, phenylalanine, and tryptophan 
makes it clear that in this species these three 
compounds are not interconvertible but rather 
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arise separately from common precursors, How. } lai 
ever, studies with antimetabolites have led } tissi 
various investigators to infer a number of differ- | by . 
ent conversions among these aromatic amino } cart 
acids in E. coli. A possible explanation of the] diar 
discrepancy is provided by recent evidence (36, } of p 
36) that antimetabolites can interfere not only { 38). 
with the metabolism of normal cell constituents} DA 
but also with their entry to the cell. The method f fron 
of inhibition analysis must therefore expand its§ acid 
theoretical framework to take account of thef . 
possibilities that a) an inhibitor might function 
by excluding a required metabolite from the} 1. | 
cell, and 6) with an inhibitor that acts intra- 1 
cellularly, an antagonist might function by ex- 4 . 
cluding the inhibitor from the cell rather than I 
supplying the product of the blocked reaction. | 3. I 

4) Considerations of permeability have be- ti 
come increasingly important also in nutritional 4. ; 
studies. Thus in the earlier biochemical applica-§ 5 L 
tions of auxotrophic mutants there was a selection 6. D 
for those intermediates that were readily recog. 6 
nized through their activity as growth factors. 7. D 
But in the aromatic sequence, for example, and ay 

q ’ ple, a B 
in histidine biosynthesis, the majority of the] 9. w 
intermediates now known are devoid of nutr- J. 
tional activity. To be sure, nutritional (and iso 10. D 
topic) studies on intact cells have been very im- il 4 
portant, not only in revealing new intermediate j9 14 
but in validating the physiological significan et 
of studies with extracted enzymes. It seem ¢learg 18. Y. 
however, that the latter approach will now bef 21 
: A : ‘ ‘ ‘ p14. M 
increasingly important in tracing out biosyntheti a 
paths. 15. Kz 

An interesting aspect of the permeability pro ob 
lem is the observation that certain intermediateg /6. Sr 
that are devoid of nutritional activity because 0 “4 










impermeability (e.g., prephenic acid, compoun 
Z1, and in certain strains DHQ) are neverthel 
excreted in large quantities by mutants blocked 
after them. This fact suggests either one-way 
permeability, or an impermeability that is present 
under conditions of growth but not under th 
conditions that result in accumulation. 

§) The limited comparative studies that hav 
been carried out in bacteria and molds indicat 
great uniformity in the paths of amino acid bio 
synthesis. Indeed, the enzymes of aromati 
biosynthesis that interconvert DHQ, DHS, ani 
shikimate have been found not only in th 
classes of organisms, but also in higher plants 
Thus far two well-documented exceptions to thif 
uniformity have been established. a) Pheny! 
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alanine can be converted to tyrosine by animal 
tissues and by certain microorganisms, but not 
by E. coli. b) Lysine is formed in E. coli by de- 
carboxylation of a 7-carbon compound, a,a’- 


diaminopimelic acid, which is also a constituent 


of protein in this and certain other bacteria (37, 
38). In Neurospora, on the other hand, in which 
DAP is not a protein constituent, lysine arises 


from a  6-carbon precursor, a-aminoadipic 
acid (39). 
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il GENERAL metabolism of amino acids con- 
stitutes a system of the greatest biological 
importance; yet, of the factors which control and 
integrate the rates of these processes in the animal 
body we know very little. That controlling mech- 
anisms of some sort must exist is obvious from 
the fact that nitrogen balance is the characteristic 
state of the normal adult individual. Further- 
more, distinct aberrations in general amino acid 
metabolism or in protein balance are known to 
occur in many situations, and often these may 
be taken as evidence of some disturbance in the 
regulatory mechanisms. Of the processes known 
to participate in this regulation, some appear 
most probably to be endocrine in nature. Others, 
however, probably are not connected directly 
with any known hormonal function, while still 
others may represent combined manifestations of 
both hormonal and other agencies. Hence any 
discussion of the hormonal control of amino acid 
metabolism ought to begin at once with questions 
as to whether in fact any given case does represent 
direct intervention by endocrine mechanisms in 
the reactions concerned here. 

One example of such a question relates to the 
loss of protein from the body which is characteris- 
tic of reaction to injury. This process is contingent 
on the presence of adrenocortical hormones; but 
according to current evidence, other mechanisms, 
not yet clearly identified except as consequences 
of the injury, are even more, critical than hor- 
monal activity in the production of the catabolic 
response (1-3). Another such question arises 
from the negative nitrogen balance seen in the 
absence of insulin. Here, we do not know whether 
the defect is the result of the lack of insulin per 
se, or whether it is secondary to the deficiency in 
carbohydrate metabolism and resultant lack of 
‘nitrogen sparing’ effect, or whether it may result 
in whole or in part from a relative excess of other 


1 Supported in part by a grant-in-aid from the 
American Cancer Society upon recommendation 
of the Committee on Growth of the National Re- 
search Council. 


acids 
hormones opposing the action of insulin in this J qe? 
respect. fluids 

On the other side of the ledger, growth of any § 4 © 
organ or tissue also may be considered to be evi- § 82 | 
dence of an extraordinary imbalance between } *hicl 
anabolic and catabolic processes. In some in- § “ODSi 
stances, growth of the body as a whole, or of of pr 
certain organs only, may be influenced critically about 
by one or another of the hormones; but is growth § #™n¢ 
in these cases the result of the alteration in § #80 
nitrogen metabolism apparently brought about q Ve ‘ 
by the hormone, or does retention of protein latter 
follow from changes induced by the hormone in §# tin 
some more intimate part of the cellular mech- In the 
anisms? consid 

These and many other questions concerning J@trog 
the control of amino acid metabolism cannot be filterat 
answered at present. Instead, this paper will try factors 
only to outline some of the problems and to sum- J In f 
marize the available evidence as to one facet of tion m 
this field, that of demonstrable effects of theg™me b 
hormones on amino acids in the body. In this herent 
attempt, I shall confine myself mainly to evidence f“4ta is 
obtainable within at most a day or two after n-ho 
experimental intervention; for characteristic#8® § 
effects of most of the hormones on nitrogen ther 
metabolism can be seen within this time, and 8 shor 
hence later effects are quite as likely as not to bef” 4ny 
secondary in nature. In the latter category must? Plasi 
be included, for the present at least, most of theperiton 
effects reported for excess or lack of some hor- of phys 
mones on the content of various enzymes in theP! excit 
tissues. These effects have so far always been ob- JM rel 
served after at least several days of treatment;—P™° ! 
in many instances they have been obviously rontrol 
related to food intake or to altered metabolicy*Perim 
rate; and in others they have been most readilyp(™" ple 
interpreted as consequences, rather than causes, hem 


of changing rates of nitrogen metabolism. phese p 
i na so, 


iteratur 
ection. 
In sp: 
































PLASMA AMINO NITROGEN 


In any study of the nature of hormonal controls 
in amino acid metabolism, the initial observa 


tions, one would expect, would concern the ne 
changes which might be induced by hormonal a 
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intervention in the concentrations of amino acids 
present in the plasma and in the tissues. These 
materials approximate, presumably, the amino 
nitrogen pool or pools, the rather small reservoirs 
of free amino acids from which components of 
the tissue proteins may be withdrawn or into 
which they may return, or from which the amino 
acids may be taken by deamination and subse- 
quent operations. In the plasma and extracellular 
fluids, the amount of amino nitrogen is minute 
ny 98 compared to the total or to the protein nitro- 
yj. | gen in the body, and even within the cells, in 
which the concentration of amino nitrogen is 
in. § considerably greater than it is in plasma, the ratio 
of Hof protein nitrogen to amino nitrogen is still 
illy about 100:1 or 50:1. The total amounts of free 
vth § amino nitrogen in extracellular fluids in the body 
jn are small also in comparison with the daily turn- 
over of nitrogen. In man and larger animals the 
latter is perhaps 10 times greater, and in the rat, 
» in §0 times the free amino nitrogen in circulation. 
sch. gin these circumstances, it might be expected that 
considerable changes in plasma and tissue amino 
ving nitrogen would occur in response to metabolic 
t he falterations induced by hormones or by other 
try Plactors affecting nitrogen balance. 
um-§ Jn fact, the plasma amino nitrogen concentra- 
t of gion may be altered quite significantly in a short 
thegtime by the administration of any of several dif- 
thislerent hormones, and a short selection of such 
gnee§data is presented in table 1. Unfortunately, some 
after gu02-hormonal factors also have the same advan- 
istic f8e, 80 that the effects of the hormones are 
ogen tither highly reproducible nor entirely specific. 
and#48 shown in table 1, glucose, when injected or fed 
19 hepa any quantity, will induce profound reductions 
must#2 Plasma amino nitrogen, and so will the intra- 
f thepPeritoneal injection of any considerable amount 
hor-f! Physiological saline. Handling of the animals 
1 the Pt excitement may also induce variation. Hence, 
n ob- ple reliability of any observations on plasma 
nent; mino nitrogen must be assured by appropriate 
ouslypontrol measures as well as by replication of 
:bolice*Periments. Additionally, if whole blood rather 
sadily eae plasma is analyzed, any appreciable change 
uses, hemoconcentration also must be avoided. 
these points have not always been appreciated, 
ud so, unfortunately, some of the data in the 
erature are of questionable value in this con- 
ntrols — , : 
n spite of these difficulties, however, clear 
“a idence has been obtained that at least three 
|Pmones may bring about a rapid and significant 
luction in the quantity of circulating amino 
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TaBLE 1. EFFECTS OF VARIOUS TREATMENTS 
ON PLASMA AMINO N IN NORMAL RATS, 
2-4 HR. AFTER TREATMENT* 


Change in 
No. Amino N, 
Observ. mg% 
A 
1 Saline, 0.2 ml/100 gmt 8 —0.3 
2 Saline, 0.5 ml1/100 gmt 4 —1.5 
8 Glucose, 300 mg/100 gmt 5 —2.8 
B 
1 Insulin, 2 u/kgt 6 —2.6 
Insulin, 2 u/kg,t (not fasted) 7 —2.2 
Insulin, 2 u/kg,t (adrenal- 5 —2.0 
demedullated, not fasted) 
2 Epinephrine, 0.05 mg/kg§ 11 —2.5 
8 Growth hormone, 1 mg/100 9 —2.8 
gmt 


* Fasted intact animals except where indicated. 
Initial plasma amino N concentration, 7-8 mg% 
(8 naphthaquinone sulfonate or ninhydrin re- 
actions). S.E. of differences, 0.2-0.4mg%. t In- 
traperitoneal. t Oral. § Intramuscular. 


nitrogen. As shown in table 1, these are: insulin 
at rather high dosage (more is required for this 
effect than for lowering the blood glucose); 
epinephrine in moderate dosage; and growth 
hormone, also in rather large amount. Addition- 
ally, the plasma amino nitrogen may sometimes 
be altered by adrenocortical steroids or adreno- 
corticotrophic hormone. Most frequently an 
elevation has been reported, but occasionally a 
short period of depression in amino nitrogen level 
has been seen instead. 

On the other hand, operative removal of any 
of several endocrine organs does not seem to in- 
duce any characteristic alterations in plasma 
amino nitrogen (table 2). In my experience, 
hypophysectomized rats have usually displayed 
normal levels, although this may be elevated if 
the animal is not in very good condition. In 
alloxan treated rats, some weeks after induction 
of diabetes, the amino nitrogen levels tend to 
be somewhat elevated, but obviously many of 
these values were in the normal range. Evidently, 
although alterations in plasma amino nitrogen 
may reflect acute changes in metabolic pattern, 
the effects of chronic deficiency of hormonal reg- 
ulatory factors must be rather readily subject to 
physiological compensation. 

The similar reductions in plasma amino acids 
brought about by insulin, epinephrine, and 
growth hormone have led to the question whether 
any one of these hormones may in fact be the 
primary agent, the others acting only through 
its mediation, or if some or all of them may act 
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independently in this respect. Some years ago, TABLE 3. EFFECTS OF GROWTH HORMONE an 
David and Van Winkel (4) reported that in C8 BESS Re OF eee Ae 2 cal 
adrenodemedullated rabbits insulin failed to ex- maxes meer 2) foes 9 ay GE be 
hibit its characteristic action on the blood amino estes ce eessac Eplnphring 1 
nitrogen, and hence they suggested that epineph- pierce sg 3.5% 0:28) ~3.0 & 0.0 n01 
: ; ee renalect. —2.1+0.3(8) —2.1 + 0.2(8) 
rine was the primary actor. It seems quite likely fypophysect. ~1.9 + 0.2(11) | a™ 
that epinephrine may indeed play a part in the ure 


insulin effect when hypoglycemia has been in- 
duced. However, in eviscerated rats which had 
been adrenodemedullated prior to experiment, 
and in which glucose was given to prevent hy- 
poglycemia, insulin was able to reduce the rate 
of increase in blood amino nitrogen just as well 
as it did in animals with intact adrenals (5); and, 
furthermore, the action of insulin in such prepara- 
tions is independent of the blood glucose level 
(6). More recently, we have observed that in- 
sulin will depress the blood amino nitrogen in fed 
rats in which the blood glucose does not usually 
fall low enough to stimulate epinephrine secre- 
tion, and this occurs both in normal and in 
adrenodemedullated animals (table 1). Hence, it 
appears that insulin may affect the plasma amino 
nitrogen independently of the intervention of 
epinephrine secretion. The converse possibility, 
that epinephrine might act through the media- 
tion of insulin secretion, also has been disproved 
by observations made by several investigators 
that epinephrine brings about the usual reduc- 
tion in blood amino nitrogen in diabetic animals. 

Whether or not the effects of growth hormone 
on blood amino nitrogen might be related to 
those of insulin or of epinephrine has also been 
considered. From the observations of Milman and 
Russell in rats (7) and of Milman, de Moor and 
Lukens in cats (8), the blood amino nitrogen of 
diabetic animals appears to be as responsive to 
growth hormone as that of normal animals. 
Recently, Luck and his colleagues suggested that 
growth hormone might act ip this respect through 


TaBLE 2. PLASMA AMINO N CONCENTRATIONS 
IN RATS* (8 NAPHTHAQUINONE 
SULFONATE REACTION) 


No. Amino N, 
Observ. mg % 

1 Normal 63 7.5 + 0.1f 
Normal, not fasted 13 8.3 + 0.2 

2 Hypophysectomized 165 7.9 + 0.2 
8  Adrenalectomized (salt- 12 7.2 + 0.2 

treated) 
4  Adrenodemedullated 18 7.9 + 0.2 
§ Diabetic (alloxan) ll 8.82 0. 


* Fasting animals except where indicated. 
+ S.E. 


adrenal-medullary or possibly through adreno- { 5 
cortical secretion, for they did not observe what | the 
they considered to be significant depression of} es 
the blood amino nitrogen in adrenalectomized} kn 
rats given growth hormone (9). However, wef 8 
have seen such an effect repeatedly, and an ex. den 
ample is shown in table 3. From these observa-f if € 
tions, it appears that growth hormone may act Lee 
independently of either islet or adrenal secretions, the 

On the other hand, we once considered the ™ t 
possibility that epinephrine might bring about{ 48st 
depression of the amino nitrogen levels by in-| # V 
ducing secondary secretion of one or more of the 
pituitary hormones; but as shown also in table3, 
this idea too was proved untenable. A similar ob- | ‘ 
servation has been made also in hypophysec- 
tomized cats by Milman et al. (8). 

The remaining permutation of possible in-| #0 
terrelations here, that insulin would require for thing 
its effect the secretion of pituitary growth hor 
mone, has not been completely explored, for in 
the absence of the hypophysis only small amoun 





















rats, we have observed after insulin reductions ig? 
the blood amino nitrogen as great as 50%, b 
since the animals were by that time in hypogl 
cemic shock, it is not certain that the blood samg* 
ples obtained were representative of the circuf® 
lating fluid. In cats, the usual fall in blood amin of gro 
nitrogen after insulin was reported by Milmay™ ~e 
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TISSUE AMINO NITROGEN AND NITROGEN 
BALANCE 


The observations just described do not } 
themselves permit any conclusions concernil utroge 
the mechanisms by which these changes in plasm ported 
amino nitrogen may be brought about; but comf — 
bined with other observations they must hav 
meaning. Moreover, they must be explicable 1 
terms of any hypotheses concerning the hormong 
control of amino acid metabolism. As a fing 
approach to rationalizing these effects, we maf 
inquire whether concurrently with the drop i . 
plasma amino nitrogen any changes occur in t 


concentrations of free amino nitrogen in the liv¢ the 
c 
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and in other tissues or in the rate of nitrogen 
catabolism. Unfortunately, but few studies have 
been made on the acute effects of the hormones 
on the nonprotein nitrogen of the tissues, and 
none are available in which the changes in plasma 
amino nitrogen, tissues nitrogen, and rates of 
urea formation have been observed simultane- 
ously. In table 4 is summarized what is known of 
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what | these effects. Those on growth hormone are the 
best attested and most clear-cut. As is well 
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known, a positive nitrogen balance is seen after 
growth hormone, and nitrogen retention may be 
demonstrated readily in short-term experiments 
if exogenous amino acids are given. Shaffer and 
Lee, employing in 1935 a globulin fraction from 
the pituitary, first reported an acute reduction 
in the concentration of amino nitrogen in the 
tissues (10). More recently, we have attempted 
to verify this observation using purified growth 
hormone, and have succeeded in doing so in part. 
As shown in table 5, the effects obtained in liver 
are definite with respect both to amino and to 
amide nitrogen. In muscle, possibly the same 
changes may have occurred, although here the 
je in-{*mounts of amino nitrogen, which includes such 
re fer things as carnosine, are larger and more variable 
h hor 2d so small changes are more difficult to detect. 
In any case, these observations do afford one 
conclusion. This is that the acute anabolic effect 
smizeg®! growth hormone is not probably the result of 
ions i inhibition of amino acid catabolism per se; for 
%,, bi in the latter event, the amino nitrogen of the 
-pogl iver would have been expected to be increased, 
d samgespecially when exogenous amino acids were 

in given. Some further aspects of the acute effects 
aming! growth hormone will be considered later in 
ilmagis paper. 

Whether insulin or epinephrine may induce 
other changes besides depression of the plasma 
amino nitrogen is not so clear. In the fasting sub- 


for in 
noun’ 





}EN 
ject, or even in the fed animal if the dose of hor- 
ot byone is large, insulin may increase the rate of 
. Mitrogen catabolism considerably. This was re- 
“ail ported by Kiech and Luck (11) and by others 
'P a it an early date and it has been observed more 
ut a ecently also by Ingle (12) and by Engel (13). 
an “i Un the other hand, of course, insulin with carbo- 
cable hydrate will restore the nitrogen balance in dia- 
“a etic subjects, and such treatment over a period 
| i time has even been reported to allow some 
drop i orage of nitrogen in the hypophysectomized 
the al rat (14). Thus, whether insulin has an 
re labolic or a catabolic effect appears to depend 


h the circumstances of the observation. 
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TABLE 4. EFFECTS OF SOME HORMONES ON 


AMINO N CONTENT AND CATABOLISM 
Change in Free Amino N N Excretion 
—] & 80 
S r = 3 
x _) = a Fed CHO 
Growth Hor- —- — - - — or 0 
mone 
Insulin - -—-? — + +or-— 
Epinephrine - =—? —? + friar 
Adrenocorti- + + + + + 


cal hormone 


With epinephrine, also, increased catabolism 
of nitrogen has been reported (3, 15), although it 
must be noted that the doses required for this 
effect are rather large. The loss of nitrogen after 
either hypoglycemic doses of insulin or after 
epinephrine, like that after trauma or after many 
noxious substances, has been found by Engel to 
be contingent on the presence of adrenocortical 
hormone and to be hastened and augmented by 
the addition of this agent. Also in Engel’s experi- 
ments, the acute effects of both hormones on 
nitrogen catabolism were preventable with glu- 
cose in quantity. Hence, the immediate actions 
of either or both hormones in nitrogen balance 
may be of a non-specific character. Understand- 
ably, the evidence with respect to effects of these 
hormones on tissue constituents is conflicting. 
Luck and Morse (16) observed reduction in the 
amino nitrogen content of both liver and muscle 
after either insulin or epinephrine, but this was 
not confirmed by Friedberg and Greenberg (17) 
in either instance. More recently, however, Boll- 
man et al. (18) reported a reduction in the amino 
nitrogen of muscle in hepatectomized dogs given 
insulin. Obviously, we are still uncertain as to 
the actual nature of the changes induced by these 
two hormones in the nitrogenous constituents of 
the body tissues. The possibility that some of thee 
actions of the hormones on nitrogen catabolism 
may be non-specific or ‘stress’ effects does not of 
course, obviate the problems of explaining the 
mechanism of these effects or of relating the 
changes in nitrogen balance to the changes in 
plasma amino nitrogen which may occur con- 
currently. 

Of the group of hormones which can bring 
about acute alterations in nitrogen metabolism, 
those of the adrenal cortex remain to be men- 
tioned in this connection. As is well known, the 
cortical steroids oxygenated at C-11, either ad- 
ministered as such or secreted under the influence 
of ACTH, tend to induce loss of nitrogen, and 








en ea aT Te 


EET PUSAN EA es tea NS Ih Espana ete ar itey cers 


700 FEDERATION PROCEEDINGS 


TaBLE 5. EFFECT OF GROWTH HORMONE ON 
AMINO N IN TISSUE* 
































Amino N, mg % Amide N + NH; mg % 
= GH effect pon f GH effect 

Plasma 
Fasting 8.8) —2.0 + .18f 
Casein hydrol.t 10.2) —1.8 + .42t 
Liver 
Fasting 55 —8.3 + 1.7t 17 —4.6 + 0.7t 
Casein hydrol.t | 54 —5.6 + 1.8¢ | 22 —6.0 + 2.6t 
Gastroc. muscle 
Fasting 75 —0.3 + 1.4 17 —0.4+ 0.8 
Casein hydrol.t 77 —3.6 + 1.5¢ | 18 —0.3 + 2.5 
Heart 
Fasting 98 —4.8+4+1.8t | 21 —6.4 + 2.0f 
Casein hydrol.t | 100 —1.0 + 2.0 26 —5.5 + 1.7f 





*OsTASHEVER AND RuvssELL, unpublished observations. 
Growth hormone, 1 mg/100 gm, was given i.p. 4 hr. before analy- 
sis. Each group comprised 7-10 observations. 

+ P of chance difference 0.05 or less. 

t Casein hydrolysate (Amigen), 10 mg N/100 gm, was given 
i.v. 1% hr. before analysis. 


this effect may be seen within a few hours. Re- 
ports on the effects of these hormones on the 
amino acids of blood and tissues have not been 
illuminating. Usually the plasma amino nitrogen 
has been reported to be increased, but sometimes 
there has been no change, or occasionally a 
temporary decrease has been seen, and the few 
data available on the amino nitrogen of the 
tissues is similarly conflicting (17, 19, 20). Since 
the catabolic response to cortical hormone can 
be much influenced by nutritional state and by 
other factors, as the presence of noxious stimuli, 
and since the observations on plasma and tissue 
constituents were not made simultaneously with 
those on nitrogen catabolism, this confusion is 
not surprising. 


ENDOGENOUS AND EXOGENOUS AMINO ACID 
METABOLISM 
‘ 


Obviously, the attempt to correlate the acute 
effects of the several hormones on the nitrogenous 
constituents of the body described above has led 
to few conclusions. This is so probably not be- 
cause the task is inherently impossible, but be- 
cause so few sets of observations have been 
designed with this end in view. Of recent years, 
however, these and related problems have been 
approached by means of other experiments of 
somewhat more dynamic character. These have 
met with somewhat greater success, but even so, 
the general lack of simultaneous or parallel ob- 
servations on different aspects of the problem 


Volume 1f 


has sometimes made interpretation difficult, 
These experiments fall into three general cate. 
gories. In one, measurements have been made of 
the rate of release of amino nitrogen from the 
peripheral tissues of eviscerated or hepatec- 
tomized animals. This affords a measure of at 
least the net rate of protein breakdown in the 
tissues, independent of rates of amino acid cata- 
bolism per se. In another type of experiment, the 
disposition of exogenous mixed amino acids is 
observed in terms of rates of urea formation or 
sometimes in terms of the disappearance of amino 
nitrogen from blood and tissues. This has been 
most commonly carried out in nephrectomized 
rats, in which rather precise measurements are 
possible over short periods of time. The third 
general category includes studies made with 
isotopic amino acids, to which reference will be 
made later. The results reported in respect to the 
actions of the hormones are summarized in tables 
6 and 9. 

With these techniques, some additional facts 
have emerged. The most impressive of these 
perhaps is the effect of insulin in the eviscerate 
animal. Here, as first demonstrated by Mirsky, 





the steady loss of amino acids from the periph-J ships 
eral tissues, characteristic of this preparation, is] Serva 
much diminished in rate by insulin (5, 21), orf grow 
even, if the rate of increase in plasma amino demo 





nitrogen is not rapid, it may be suppressed al4 amine 
most entirely by this hormone (6). The amount May | 
of insulin required are moderately large, and sf of aff 
some glucose must always be given with the ing the ft 
sulin; but glucose alone has no such effect, nor ig horme 
the amount of amino nitrogen released related tq the re 
the blood glucose level when insulin is present it cou 
Thus, in the presence of an indeterminate amount peptid 
of carbohydrate, insulin can affect the nitrogenas yet 
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Other hormones besides insulin can affect the 
rate of release of amino acids from the tissues. 
In many attempts to demonstrate growth hor- 
mone activity in the eviscerate animal, my 
colleagues and I have never been able to obtain 
convincing evidence of alteration in the rate of 
accumulation of amino nitrogen in the blood 
when this hormone was given alone. However, 
an effect of growth hormone in the absence of the 
liver and viscera can be observed in two differ- 
ent circumstances; one, if insulin is given also, 
pituitary extract or purified growth hormone will 
further depress the rate of release of amino nitro- 
gen from the tissues (5, 22), and secondly, if 
exogenous amino acids are given, these are re- 
moved from the blood stream to a greater extent 
in growth hormone treated animals than in the 
controls (22). Some representative data are shown 
in table 7. Insulin alone has a similar effect, and 
if the two hormones are given concurrently, the 
action is approximately additive. A somewhat 
similar requirement for the presence of insulin 
in the action of growth hormone in respect to 
nitrogen balance in rats has been reported by 
Milman et al. (8). The meaning of these relation- 
ships is still obscure. From these and other ob- 
servations, it appears that the acute effect of 
growth hormone on nitrogen retention is best 
demonstrated in the presence of a plethora of 
amino acids. Perhaps then the effect of insulin 
tay be to bring about somewhat the same state 
of affairs within the cells and so make possible 
the further retention of amino acids by growth 
hormone. This it might do by enabling indirectly 
the retention of amino acids within the cells, or 
it could perhaps promote the synthesis of lower 
peptides, or other means could be imagined; but 
as yet there is no evidence in this point. 

Adrenocortical hormone has been shown by 
Bondy and by Ingle to enhance the rate of re- 
lease of amino acids from the tissues of eviscerate 
animals (23-25). This is an important observa- 
tion, for it indicates that neither the process of 
deamination of amino acids nor that of gluconeo- 
genesis is necessarily a primary site of action of 
this hormone. 





The possible effect of epinephrine on the re- 
lease of amino nitrogen from the tissues does not 
appear to have been reported. However, among 
observations made some years ago by Dr. Frame 
tnd myself (5), we noted that adrenodemedul- 
ated rats did not differ from the normal in 
espect to release of amino acids after eviscera- 
ion. Since other évidence indicates massive dis- 
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TABLE 7. FFFECTS OF GROWTH HORMONE AND IN- 
SULIN ON PLASMA AMINO N IN EVISCERATED 
RATS (INCREASE, MG %) 


A. Release of amino N 
in 3 hr. period be- 
tween 2 and 5 hr. 
post-op. 

Without GH 

GH (0.5 mg/100 gm, 
1 hr. pre-op. and 

16 hr. post-op.) 


No insulin Insulin. 1 u/kg, 


8.c. 


+13.8 + 0.5* (11) 
+13.7 + 0.4 (4) 


+6.2 +0.5 (7) 
+3.2t + 0.5 (12) 


B. Added amino acids: 
Incr. in plasma 
amino N 30 min. 
after injection (1- 
1% hr. post-op.) 
Untreated 
GH (0.5 mg, 2 and 5 
hr. pre-op.) 


*S.E. + P of chance difference < 0.01. 
Number of observations in parentheses. 


Saline control Casein hydrol. 4.5 
mg N/100 gm, 


i.v. 


+1.4 + 0.2 (10) 
+1.1+4 0.2 (6) 


+7.1 +0.2 (9) 
+5.6f 40.3 (7) 


charge of epinephrine from intact adrenal glands 
during this operation, one would guess that 
administered epinephrine similarly would have 
but little effect; but more conclusive observations 
on this point are needed. If this is true, it would 
mean most probably that the action of epineph- 
rine was primarily upon the rate of removal of 
amino acids by the liver. 

The demonstration of alterations in the rate of 
accumulation of amino acids in the blood after 
removal of the liver is important in that it may 
allow us to distinguish between effects on amino 
acid metabolism per se and those having to do 
with the protein balance within the tissues; but 
they do not indicate whether the latter are con- 
cerned with the synthesis of protein or its break- 
down. One type of experiment which may afford 
information on this point is observation of the 
disposition of a considerable amount of readily 
utilizable amino acids. If the hormonal effect in 
question were solely upon the release of amino" 
acids from tissue proteins, the characteristic 
effect ought not to be altered materially whatever 
the quantity or quality of amino acids presented. 
On the other hand, if the synthesis of protein 
were either to be augmented or to be seriously 
depressed in an acute experiment, one might ex- 
pect to see exaggeration of the changes in nitro- 
gen balance in the presence of complete mixtures 
of amino acids. In the case of growth hormone, 
this is what happens. In short term experiments 
in the fasting animal, only small and often in- 
significant effects on nitrogen balance may be 
seen. However, when amino acids are provided 
in the form of casein hydrolysate, the rate of 
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TABLE 8. EFFECTS OF GROWTH HORMONE ON UREA 
FORMATION IN NEPHRECTOMIZED RATS (INCREASE 
IN BLOOD UREA N IN 2 HR.*, MG %) 


Casein Hydrol. 
(13.5 mg N/100 
Saline Control gm i.v.) 


A. Fasting animals 


1. Untreated +6.5 + 1.4 (4) +22.2 + 0.6 (10) 
2. GH (1-2 hr. be- 
fore observation) 

0.03 mg/100 gm +19.3 + 0.5 (4) 

0.10 mg/100 gm +16.5+0.7 (5) 

1.0 mg/100 gm +4.64+0.8 (4) +14.540.5 (7) 


B. With glucose 

1. Glucose s.c. (50- 
100 mg/100 gm) 1 
hr. before obser- 
vation) 

2. GH (1 mg/100 
gm) with glucose 
as above 


+17.9+ 0.3 (8) 


+13.4+0.3 (8) 


* Observations begun 3 hr. after nephrectomy with blood 
samples taken immediately before injections of amino acids or 


saline. 


urea formation immediately following their ad- 
ministration is notably diminished when the 
animals are pretreated shortly before with growth 
hormone (table 8). This effect is quite reproduci- 
ble and affords the basis of a method assay of 
growth hormone activity (26, 27). 

In similar circumstances, none of the other 
hormones which we have discussed has been ob- 
served to have any effect. In Engel’s work, the 
action of cortical hormone on nitrogen catabolism 
appeared even to be inhibited somewhat by exog- 
enous amino acids, for no greater increase in 
urea formation was seen when both the amino 
acid mixture and cortical hormone or ACTH were 
given together than was obtained when either 
was given separately (28). In substantial agree- 
ment with this observation is the work of Silber 
and Porter (29) who found that the nitrogen loss 
induced by large doses of cortisone was independ- 
ent of the protein intake. Neither insulin nor 
epinephrine, in the moderate doses which we have 
used (30) nor in the larger amounts employed 
by Engel (2), has had any effect on the rate of 
urea formation following amino acid mixtures. 
In these experiments, no glucose was given with 
the insulin since the object was to study the 
effects of hypoglycemia. However, in the intact 
animal glucose alone will inhibit urea formation 
after the administration of amino acid mixtures 
(table 8), and of course the similar nitrogen spar- 
ing effect of carbohydrate in the fed animal is 
well known. It is possible that this represents the 
anabolic effect of the animal’s own insulin com- 
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bined with carbohydrate; but the critical experi- 
ment, the observation in diabetic animals of the 
effects of glucose and insulin alone and in com- 
bination on the metabolism of administered 
amino acids, has not been performed. 

From the results obtained in the latter group 
of experiments, where the rate of urea formation 
was used as the indicator of the fate of the amino 
acids given, it is of course not possible to dis- 
tinguish between effects of the hormone on re- 
tention of the amino acids as protein and those 
on the rates of deamination or on urea formation 
per se. For the interpretation of the action of 
growth hormone, for example, we must refer to 
other changes which accompany this effect. Here, 
as noted previously, the concentration of amino 
and of amide nitrogen in the liver was reduced 
after growth hormone whether or not exogenous 
amino acids were given; and hence it is not likely 
that the diminution in rate of urea formation 
after growth hormone was to any great extent the 
consequence of a reduction in the rate of catabo- 
lism of the amino acids themselves. Similarly, the 
rate of removal of amino acids from the blood 
has been found to be augmented, if anything, 
after growth hormone has been given; and it will 
be recalled also that small but significant effects 
of the hormone could be obtained in the evis- 
cerate preparation. Hence, it is probable that the 
action of growth hormone here was to augment 
the uptake of amino acids into the tissues, pre- 
sumably as protein, and that the reductiof in 
urea formation was an inverse reflection of this 
change. 


METABOLISM OF ISOTOPIC AMINO ACIDS 


Finally, we may consider the attempts which 
have been made in recent years to investigate 
the actions of the hormones on nitrogen metabo- 
lism through the use of isotopic tracer techniques. 
A summary of relevant observations which have 
appeared in the literature is presented in table 9. 
In this work, a considerable group of experiments 
are those of Hoberman (31) and of others, who 
have utilized variants of the method first intro- 
duced by Sprinson and Rittenberg (32)—namely, 
measurement of the excretion of isotopic nitrogen 
after the injection of labeled glycine. The original 
kinetic analysis of the excretion curves, based on 
what must be a gross oversimplification of the 
system of protein metabolism in the whole animal, 
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the urea pool must be distinguished from the 
amino nitrogen pool, and as will be indicated 
later, it is probable also that there is more than 
one amino nitrogen pool. Further, the assumption 
of first order reaction rates, made by some other 
investigators, cannot be justified on present evi- 
dence, and so comparisons of rates of excretion 
of isotope in terms of fractions of apparent pool 
size can mean very little. However, the observa- 
tions which have been made do indicate some 
significant alterations in the metabolism of iso- 
topic amino acids under the influence of some of 
the hormones, and these must be taken into 
account in deriving concepts of the endocrine 
control of nitrogen metabolism. 

In fasting hypophysectomized rats, Hoberman 
observed that the proportion of the isotope given 
which was excreted in 48 hours was increased 
above normal by about 14. During the same time, 
the total nitrogen excretion was unchanged. Ap- 
parently, then, the uptake of the labeled amino 
acid into body protein was diminished in this 
condition. If the concentration of isotope in the 
excreted nitrogen may be taken as representative 
of that in a homogeneous pool of amino acids 
undergoing turnover by replacement from body 
tissues and catabolism, then it would follow, since 
the concentration of isotope in the urine nitrogen 
here was high, that the return of unlabeled nitro- 
gen from the body tissues also had been dimin- 
ished. On the other hand, it may be argued that 
the isotope was excreted in higher concentration 
simply because it was not taken up into tissue 
proteins, or alternatively, but much less likely, 
that the labeled amino acid had been catabolized 
at a more rapid rate and so less was left for in- 
corporation into protein. Only analysis of the 
isotope concentration in the amino nitrogen and 
other forms in the liver and elsewhere might de- 
cide among these possible interpretations. 

Similar effects were observed in thyroidec- 
tomized animals, and so it is possible that part 
of the changes in turnover of amino acids in- 
dicated in the hypophysectomized animal were 
due to altered metabolic rate. On the other hand, 
however, growth hormone, given to fasting hy- 
pophysectomized, thyroidectomized or adrenalec- 
tomized rats, brought about significant reduction 
in the excretion of labeled nitrogen and also of 
total nitrogen in proportionate degree. This may 
be interpreted to mean that the synthesis of pro- 
tein had been increased by growth hormone, and 
that concomitantly little change had occurred in 
he rate of catabolism of body protein. A con- 
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TABLE 9. HORMONAL EFFECTS ON METABOLISM OF 
ISOTOPIC AMINO ACIDS 


Dilution of Incorpora- 


Excreted tion} of 
N15 Ex- N15 by Un- N}, Cis, 
cretion* labeled Nt or S35 
Hypophysectomized + ~_ _ 
Adrenalectomized 0 - —liver; 
other? 
Thyroidectomized oa eer ee 
Diabetic (alloxan or oe + _ 
depanc.) 
Adrenalect.-diabetic - SOE POs ike, 
(ef. diabetic) 
Growth hormone - 0 + 
Adrenocort. hormone a + + liver 
+ muscle 
Insulin + muscle 


* After isotopic glycine (31, 34, 40). 
+ In fasting animals (31). 
t From amino acids into tissue protein (35-39, 41, 43). 


siderable reduction in the rate of excretion of 
labeled nitrogen and also of total nitrogen in fed 
dogs treated with growth hormone also has been 
observed by Bartlett and Gaebler (34). The few 
observations available on the actual incorpora- 
tion of labeled amino acids into protein indicate 
that growth hormone treatment may have ac- 
celerated the synthesis of protein (35, 36). These 
observations thus are in essential agreement with 
the conclusions drawn from other types of ex- 
perimental observations, that is, that growth 
hormone favors the synthesis of protein from 
amino acids, but they have as yet given no 
greater insight into the mechanisms affected by 
growth hormone. : 

In the tissues of diabetic animals, the rate of 
incorporation of amino acids labeled with C™ or 
S* has been reported by Krahl (37) and by 
Forker et al. (38) to be quite low. This rate could 
be restored to normal by pretreatment with in- 
sulin or, in in vitro experiments, by addition of 
insulin to the medium (37, 39). These observa 
tions suggest that insulin directly or indirectly 
enhances the rate of synthesis of protein; but the 
evidence as yet available does not allow much 
further interpretation. 

With respect to the action of adrenocortical 
hormone, some additional information has per- 
haps been added. Here several sets of observa- 
tions agree that when adrenocortical activity is 
increased, the excretion of labeled amino nitrogen 
as urea also is increased markedly (31, 40, 41). 
This has been taken by some to mean that the 
synthesis of protein must have been diminished; 
but the data of Hoberman (31) offer an alterna- 
tive interpretation. Here, in the absence of exog- 
enous amino acids, the excretion of unlabeled 
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nitrogen was increased to an even greater degree 
than was that of the isotope. Hence, to account 
for the observed dilution of urinary isotope, it 
seems quite probable that the breakdown of 
body protein must have been increased consider- 
ably also. According to the conventional calcula- 
tion, these data indicated no change in the rate 
of synthesis of protein from the labeled pool. It 
may be noted that in alloxan diabetic rats similar 
changes were seen in the excretion of labeled and 
unlabeled nitrogen; and that these were nearly 
completely reversed by subsequent adrenalec- 
tomy. 

In accord with the view that protein break- 
down was increased, rather than synthesis dimin- 
ished, are the later data of Clark (41). Here, in 
fed rats treated with cortisone, the excretion of 
isotope and of nitrogen were increased about 
proportionately. At the same time, the incorpo- 
ration of isotope into the proteins of the empty 
carcass was perhaps diminished slightly, whereas 
that into the proteins of the liver and of the 
plasma was increased considerably, rather than 
diminished as would have been expected. Now if 
under the influence of excess cortical hormone 
increased quantities of amino acids are released 
from the peripheral tissues, these must be fun- 
neled through the liver. Here they would mix 
with part of the administered labeled amino acid; 
and then their joint fate would depend on the 
direction of metabolism in that organ. With en- 
hanced supplies of amino acids, an increase in 
protein synthesis could occur in the liver, and 
such an effect of cortical hormone not only has 
been seen in the experiments of Clark, just 
described, but also demonstrated by Roberts in 
the regenerating liver and in isolated liver slices 
(42). Simultaneously, the catabolism of amino 
acids has been increased also in most instances, 
as evidenced by the loss of ,nitrogen from the 
body. Hence, the isotopic nitrogen may in effect 
be washed out of the body by the ingress of 
amino acids to the liver from other areas. The 
increased excretion of isotopic nitrogen in animals 
treated with excess cortical hormone would then 
be the result not of any primary diminution in 
protein synthesis, but instead would be due 
mainly to the movement of amino acids from the 
body proteins towards eventual destruction in 
the liver. 


CONCLUSION 


This last example of endocrine influence on 
nitrogen metabolism illustrates well the complexi- 
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ties of this field. From this and other evidence, it 
is obvious that the economy of amino acids in 
the intact animal cannot be represented by a 
simple homogeneous system, and that no one set 
of observations on a single phase is completely 
interpretable by itself. Rather, the evidence con- 
cerning the mechanisms of control of the many 
processes concerned must be made from multi- 
variate analyses, in diverse experimental situa- 
tions, and this work has only just begun. At 
present we can say, perhaps, that of the three 
principal hormones known to be important in 
this connection: insulin, cortical hormones, and 
growth hormone, none appears to be concerned 
primarily or exclusively with the catabolism of 
the amino acids per se or with gluconeogenesis 
from the fragments; but instead they all appear 
to influence some aspect of the synthesis or break- 
down of proteins within most or many tissues. 
As yet, the nature of these regulative mecha- 
nisms is completely unknown. 
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DISCUSSION! 
Dwiaut J. INGLE 

RUF From the Ben May Laboratory for Cancer Research, The University of Chicago, Chicago, Illinois 

Biol. I WISH to emphasize a few general points concern- a 'P ermissive’ role of hormones and has been dis- 
ing hormones and metaboliam and to present new cussed in detail elsewhere (1). It seems reasonable 

crin-T data of my own which relate to the studies of to regard the regulation of metabolic processes as 

; Dr. Russell upon the eviscerate rat. - highly complex, involving a Gestalt of causal rela- 
J. E.fy Most nde alned’ tee aise ctcabbai of pro- tionships, hormonal and non-hormonal, in which 
crin- | teins under conditions of hormonal insufficiency it is not wise to identify single principles as all- 
or excess. It is common to describe the endocrine ay tudi t th me d 
). W. | glands as regulating metabolism by changes in the ee ee et ee ert ee 
Masant of hormone released from the gland, but penetrating studies of Dr. Russell in showing that 
? : i . at least several of the hormones affect the level of 

1D M. | the relationship of the action of a hormone to the , : ‘ds in th : fa sik 
metabolic processes which it affects is frequently si 6 hg aioe tapes penn gem cee ciate ea oes 

Chem.) nore complex. The titer of hormone ‘in the body proving that the liver and gut are not the sole 

has aa ° : : sites of action of these hormones. Indeed, we ma¥ 
fluids is determined by the rate of its destruction ; é ‘ ‘ 

Chem. , ask, ‘‘For which hormones is the liver an important 
48 well as by the rate of secretion, so that the quan- : ; ; 
titative effect of the hormone can chan h target organ?” The glycogenolytic actions of 

PARD. ge when : j . 

A : , f epinephrine and of glucagon are readily demon- 
either the rate of secretion or intake of exogenous on the i : 
Eaton is constant. Moreover, it:seema probable strable in the isolated liver. Acceptable evidence 

, : ; : ea WER for the direct action of other hormones upon liver 

J. (2),|that the efficiency of hormonal utilization is a : : - 
variable. Many non-hormonal factors affect the '% scanty. Perhaps Dr. Miller will not mind the 

crindl-} rates of metabolic processes, in some instances to Gupenarion of & Raye Seay ne Will include teste of 
ie beiccetant exbiikh sie dig Chik Manian hormones in his elegant studies on isolated liver. 

J. 2: Tinos pes ; caemeall pe sotaie dianubediie ie In addition to its action upon carbohydrate me- 
: A ger ‘ tabolism, insulin affects the metabolism of pro- 

J, }Sponses by normalizing the functions of the tissues ; ; ; : 
RG. J. Tilived in the metebolie peaponee. This is called teins. I am interested in the nature of the relation- 
? ship between these two general effects. Dr. Russell 

NDLAT, ee h ted that insulin will suppress the rise i 

hysiol. ' This work was supported by grants from The “ sia vt “ aii et cine ti “ia 

American Cancer Society as recommended by the ?»#5™@ amuno acids pti 5 caused 

«. Soc.fOmmittee on Growth, and from the Public Health also has a striking effect upon the glucose tolerance 
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TABLE 1. EFFECT OF MUSCLE WORK ON LEVEL OF 
BLOOD GLUCOSE AND OF PLASMA AMINO ACIDS 
IN FUNCTIONALLY EVISCERATED RATS 

(AV. AND S.E.) 


Timel020" No. 
Hr Glu- Rats Plasma Blood 
cose Amino Acidst Glucoset 
Normal 0 0 6 5.34 + 0.3 127 + 7.63 
Eviscerated 
Ne work 5 50 3 16.24 531 
Work ileg 5 50 3 20.94 123 
No work 7 160 3 15.04 985 
Work2legs 4 160 3 16.73 372 
No work 3 50 6 10.89 + 0.3118 405 + 10.43 
Work 1 leg 3 50 6 12.00 + 0.268 76 + 14.61 


* Mg/100 gm rat/hr. 
+ Final concentration. mg %. 


TaBLE 2. COMPARISON OF EFFECTS OF MUSCLE 
WORK AND OF INSULIN ON LEVELS OF BLOUD 
GLUCOSE AND OF AMINO ACIDS IN FUNCTIONALLY 
EVISCERATED RATS DURING 3 HOURS (AV. AND S.E.) 


band Insu- No. Plasma Amino __ Blood 
esne* lint Rats Acidst Glucoset 
Normal 0 0 WU 65.82+0.21 132 + 5.22 
Eviscerated 
No work 100 0 12 11.1 40.48 586 + 23.3 
No work 100 =—16 12 5.0 + 0.23 241 + 21.1 


Work 2 legs 100 0 12 11.0+0.31 99+ 9.3 


* Mg/100/hr. + u/day/rat. t Final concentration, mg %. 
has an insulin-like effect upon the glucose toler- 
ance of normal and diabetic animals (2, 3) and the 
eviscerate animal (4). Does the stimulation of 
muscle suppress the rise in plasma amino acids 
following evisceration just as it suppresses the 
hyperglycemia of an eviscerate animal given a 
high glucose load? Under the conditions of the 
following studies there is a clear dissociation of 
the effects of insulin and of muscle work upon the 
levels of blood glucose and of plasma amino acids. 

Male rats of the Sprague-Dawley strain were 
fed Archer Dog Pellets. At a weight of 250 + 2 
gm non-fasted rats were anesthetized by cyclopal 
sodium and functionally eviscgrated. The stimula- 
tion of muscle to contract 5 times per second was 
by the procedure of Ingle (5). The left hind leg 
was weighted with 100 gm. In some experiments 
the stimulus passed from the biceps of the thigh to 
the foot of the left hind leg. In other experiments 
the stimulus passed from the right hind foot to 
the left hind foot, thereby activating all of the 
musculature of both hind legs. A solution of glu- 
cose, with and without insulin, was infused into 
the jugular vein by means of a continuous injec- 
tion apparatus which delivered fluid from each of 
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6 syringes at the rate of 20 cc in 24 hours. The 
experiments lasted for 3-5 hours, whereupon the 
blood was collected by cannula from the ab- 
dominal aorta. Blood glucose was determined by 
the method of Miller and Van Slyke (6) and plasma 
amino acids by the method of Hamilton and Van 
Slyke (7). The conditions of each experiment are 
indicated in the tables. 

Experiment 1 (table 1) involved resting and 
working rats without insulin. Muscle work in- 
creased glucose tolerance but failed to suppress 
the rise in plasma amino acids. There seemed to 
be a tendency, not reliably established by small 
samples, for muscle work to accelerate the rise in 
plasma amino acids. 

Experiment 2 (table 2) shows that insulin sup- 
presses the rise in plasma amino acids as well as 
the rise in blood glucose. Muscle work had an even 
more striking effect upon the level of blood glu- 
cose but failed to suppress the rise in plasma amino 
acids. 

Goldstein et al. (8) have shown that both insulin 
and muscle work increase the transfer of glucose 
and other sugars across cell barriers. In the case of 
insulin, it has been suggested (9) that the increase 
in the rate at which glucose enters the cell repre- 
sents the primary action of insulin to which all 
other consequences of insulin action are second- 
ary. Since muscle work simulates the action of 
insulin upon glucose utilization and glucose space, 
its failure to have an insulin-like action upon the 
rise of amino acids following evisceration in the 
rat suggests that further analysis of these meta- 
bolic interrelationships is in order. 


The new data reported in this discussion were 
obtained with the assistance of Gloria Torralba 
and Violeta Flores. 
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en the classical demonstration by Schroeder 
(1) that the liver was the site of urea formation 
in the dog, little has been done to evaluate quan- 
titatively the contribution of the liver proteins 
and the blood proteins to endogenous urea for- 
mation. The nitrogen sparing action of carbo- 
hydrate in conserving protein nitrogen of endog- 
enous origin as well as that of dietary origin has 
been extensively reviewed by Munro (2) who has 
succinctly summarized our knowledge of the 
mechanism with these words: ‘The nature of the 
mechanism by which carbohydrate spares protein 
is not known.” 

The recognized prominent role of the liver in 
intermediary protein and amino acid metabolism 
and the ease with which the isolated perfused rat 
liver may be maintained in vitro under essentially 
physiological conditions (3) render it uniquely 
suitable for a direct study of interrelations in 
nitrogen and carbohydrate metabolism. 

This report describes liver perfusion experi- 
ments which for the first time permit a quantita- 
tive appraisal of the contribution of the liver and 
whole blood to endogenously produced urea and 
the nitrogen sparing effects thereon of glucose 
and fructose supplements. In addition, the over- 
all nitrogen metabolism of an added complete 
mixture of 18 amino acids has been studied both 


These studies were performed under contract 
with the United States Atomic Energy Com- 
mission at the University of Rochester Atomic 
Energy Project, Rochester, New York and were 
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INTERRELATIONS IN AMINO ACID AND CARBOHYDRATE 
METABOLISM 


STUDIES OF THE NITROGEN SPARING ACTION OF CARBOHYDRATE 
WITH THE ISOLATED PERFUSED RAT LIVER! 


Leon L. Mrtier, WituiAM T. Burke? anp Davin E. Harr’ 


From the Departments of Radiation Biology and Biochemistry, School of Medicine and 
Dentistry, University of Rochester, Rochester, New York 


in the absence and presence of glucose and fruc- 
tose supplements. Further, it will be seen that the 
marked nitrogen sparing action of glucose and 
fructose could not in general be simulated by 
additions of corresponding large amounts of lac- 
tate, pyruvate, or a-ketoglutarate. 


METHODS 


Adult male rats of Wistar strain weighing gener- 
ally from 200 to 350 gm were maintained on a diet 
of commercial rat food (Purina Checkers) until 
18-20 hours before the start of the perfusion ex- 
periments when all food was withdrawn and the 
rats (both blood and liver donors) were allowed to 
have only drinking water until killed. 

The preparation of the heparinized rat blood 
was carried out within the hour before the per- 
fusion. The blood donor rats were lightly anes- 
thetized with ether and exsanguinated by cardiac 
puncture with a syringe moistened with a heparin 
solution. Usually 12 ml of heparin (Liquaemin 
Roche diluted with Ringer’s solution to 5 mg/ml) 
was used for about 130 ml of whole blood. The 
blood was then diluted with 14 volume of Ringer’s 
solution and poured into the reservoir of the per- 
fusion apparatus. Where solutions of carbohydrate 
were infused over the course of the experiment, 
the volume of diluting Ringer’s was reduced by a 
corresponding amount. Details of the operation 
for the removal of the liver, after cannulation of the 
portal vein for inflow and the thoracic vena cava 
for outflow, and for its incorporation into the 
already prepared perfusion apparatus have been 
described previously (3). 

The apparatus used here differed in a few minor 
respects from that used previously. Instead of a 
finger stall pump, the stripping action pump of 
DeBroske (4) was used. Further, the overflow 
return to the blood reservoir was connected with 
a 12-mm diameter Tygon tube directly to an out- 
let high on the blood reservoir side; this allowed 
oxygen to be passed into the air space of the reser- 
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voir up through the overflow, into the ‘lung’ from 
which it was drawn with ‘expired’ carbon dioxide 
through the sintered glass bubble trap containing 
40% potassium hydroxide. Lastly, in all of the per- 
fusions in which more than 0.5 gm of carbohydrate 
were used, the material (glucose, fructose, lactate, 
pyruvate, or a-ketoglutarate) in excess of this 
amount was dissolved in distilled water (see be- 
low) and the solution infused at constant rate con- 
tinuously over the entire course of the experiment 
through a fine bore polyethylene tube which was 
threaded down through the ‘lung’ to empty into 
the blood just before it passed into the pre-liver 
filter. The volume of fluid infused was kept con- 
stant (regardless of the amount of extra carbo- 
hydrate) and for the 4-hour duration of most of 
the experiments totaled 13.0 ml. 

In some of the perfusions neither carbohydrate 
nor amino acid mixture was added; in others only 
carbohydrate supplements were added. Including 
the 0.5 gm of glucose or fructose added directly 
to the blood in the reservoir, the total dose of 
glucose or fructose was 0.5 gm, 1.2 gm, or 1.9 gm 
as indicated in the individual experiments. 

In the perfusions in which lactate, pyruvate, or 
a-ketoglutarate were added, 0.5 gm of the sodium 
salt in neutral (pH 7.4) solution was added to the 
blood and the remainder infused continuously as 
noted above. In these experiments it was necessary 
to use 95% oxygen and 5% carbon dioxide instead 
of pure oxygen for oxygenating the blood in order 
to keep the blood px down. 

Wherever used, the dose of amino acids was the 
same and consisted of 160 mg of a mixture? of the 
essential amino acids and glycine plus 167 mg of a 
mixture‘ of the non-essential amino acids (totaling 
41.6 mg of nitrogen of which 77.3% is a-amino acid 
nitrogen). The amino acids were neutralized 
(pu 7.2-7.4) with a small volume of 3.0 n NaOH 
and added directly to the blood before the onset of 
the perfusion. (In a number of the experiments 
L-lysine-6-C*-HCl, or pt-lysine-6-C'-HCl, or 
L-histidine-2-C"-HCl in amounts of 5-12 mg, 
6-12 microcuries of C, were included in the amino 
acid mixtures. These radioactivity studies will be 
reported elsewhere.) 

Preparation of Liver and Plasma Labeled with 
L-lysine-6-C™. For the first of the two experi- 


* t-Arginine HCl 800 mg, t-histidine HCl 400 
mg, L-isoleucine 780 mg, L-leucine 1750 mg, t-ly- 
sine HC] 1230 mg, L-methionine 550 mg, L-phenyl- 
alanine 870 mg, L-threonine 740 mg, L-tryptophane 
180 mg, L-valine 610 mg, and glycine 1000 mg. 

41-Glutamic acid 1024 mg, L-proline 320 mg, 
L-hydroxyproline 128 mg, DL-alanine 480 mg, 
DL-serine 488 mg, L-cysteine-HCl 112 mg, L-tyro- 
sine 272 mg, and DL-aspartic acid 520 mg. 


FEDERATION PROCEEDINGS 





Volume 14 | Sep 

TABLE ? ENDOGENOUS UREA PRODUCTION BY TAB 
ISOLATED PERFUSED LIVER BEST EXPRESSED 

IN TERMS OF BODY SURFACE AREA OF 
LIVER DONOR 

2 Liver Urea-N Be, oe Urea- % T 

Ne Sk eee We NO ie ee 

cm? mg mg mg mg Pl 

163 4200 16.7 14.3 11.9 11.3 |%T 

154 456 19.7 14.9 12.9 19.7 | Li 

166 42 18.4 15.6 13.0 16.7 | ee 

156 43-48 126 10.5 14.6 fe4 

166 370 13.2 13.9 ° 10.7 17.6 Jee 

Caler 


*Surface area computed with the equation} lize 
SA (in cm*) = 0.78 (wt. in gm) + 148, based on 
data of Lee (16) for rats in the weight range used. 


ments of table 2, three normal male rats were each 
injected intraperitoneally with pt-lysine-6-C™. 
HCl (36 mg, 25 microcuries, in 6.5 ml of physio- 
logical saline). Twenty-four hours later the rats 
were exsanguinated with heparin, the blood 
pooled, the C'*-labeled plasma harvested and 
frozen until use 4 days later. At that time, 14.5 ml 
of the C'*-labeled plasma was added to the blood 
(to make a total volume of 155 ml) used to perfuse 
a normal rat liver for 9 hours. The expired C™. 
labeled carbon dioxide was quantitatively col- 
lected in the potassium hydroxide trap described 
above. The total C" activity found in the expired 
carbon dioxide corresponds to the fraction of the 
plasma protein which was oxidatively catabolized 
and was computed after totaling the C" activitysec' 
of the blood, the liver, and the expired carbonf”4: 
dioxide. _ 
In the second experiment of table 2, a male ratf"™®S ° 
weighing 190 gm was fed the Purina diet mixedj”” vol 
with 50 mg of pu-lysine-6-C'- HCl (35 microcuries)}P"usi 
on each of two successive days. Forty-eight hours}/’" ' 
later the rat’s liver was perfused by the usualf™™ th 
procedure for 6 hours. Here the total C™ activity PYTUV 
found in the ‘expired’ carbon dioxide corresponds|"#Ve be 
to the fraction of the total C'*-labeled liver pro- 
tein which was oxidatively catabolized in the ¢ 
hours of the perfusion. In both experiments the It wil 
C" activity of all samples was measured by con- tous 
version to gaseous carbon dioxide (5) which was}, 
assayed in an ionization chamber coupled with 4 ns 
dynamic vane electrometer (6). imeter 
Chemical Methods. Serial samples of bloodf!nor). 
were withdrawn from the perfusion reservoir after[¥a8 cho: 
thorough mixing at 0, 14, 14, 1, 2, 3, 4 hours andphowed 
analyzed in duplicate for glucose (7), fructose itrogen 
(8), a-amino acid nitrogen (9), urea nitrogen (10),Brea of { 
lactate (11), and pyruvate or a-ketoglutarate (12). f Lee ( 
The analyses for urea nitrogen were carried ou 
directly on aliquots of the blood. All of the othe 
analyses were done on aliquots of an immediately 
prepared protein free filtrate (13). At the close 0 
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By | TABLE 2. OXIDATIVE CATABOLISM OF C-LABELED LIVER AND PLASMA PROTEINS: MEASURE OF THEIR 
D i CONTRIBUTION TO ENDOGENOUS UREA PRODUCTION 


% Total C™ Activity at Start of Perfusion 
fm Liver Prot. 

“ | Plasma Prot. 
3 }% Total C' Activity at End of Perfusion 
7 Liver Prot. 
7 Plasma Prot. 
5 | Ui Activity in Total Expired CO2 as % of 
6 Total Initial C Activity 


tion} lized/24 hr. 
Atomic Energy Project Research Fellow, in 1952. 


cu. the perfusion weighed portions of the liver were in 
many instances analyzed for glycogen by appro- 
priate methods (14). The rest of the liver was 
lead immediately homogenized in the cold with about 
five volumes of ice-cold distilled water, and the 
protein free filtrate prepared and analyzed in the 
Jood |S#me way as for the blood. In addition, determina- 
tions of the protein content of plasma and liver 
cu. pwere carried out by micro-Kjeldahl or by the use 
of the modified Folin-Ciocalteau reagent (15). 

ibed An aliquot of the blood taken at zero time was 
pired incubated at the temperature of the perfusion (38- 
f the 99.5°C) for the duration of the perfusion and glu- 
lized |°8¢ and lactate analyses were done in order to 
correct for changes related to glycolysis in the 













From the analytical data and the known vol- 
é rat{umes of blood removed in each sample as well as 

e volume of blood remaining at the close of the 
perfusions, the total urea nitrogen produced by the 
liver, the total a-amino acid nitrogen removed 
from the blood, as well as the glucose, fructose, 
Fivity pyruvate, lactate, and a-ketoglutarate balances 


ponds} ave been computed. 


nixed 
iries) 
hours 


 pro- 
the ¢ 
is the) Tt will be noted that the urea production in the 
y COM Warious experiments is expressed in terms of mil- 
h wash. ‘ 
vith ahigrams of urea nitrogen produced per 300 cen- 
limeter squared body surface area (of the liver 
bloodfonor). This mode of expressing the results 
- afterfvas chosen because liver donor body surface area 
rs andphowed the best gross correlation with urea 
uctosefitrogen production. In computing the surface 
n (10)frea of the liver donors, we have used the data 
e (12)Hf Lee (16) to obtain the relation: surface area 
od OUlem?) = (0.78) (body weight in gm) + 148, 
othe hich gives a straight line valid for rats weighing 


We 0-350 grams. Table 1 reveals that the urea 


EXPERIMENTAL RESULTS 







Calculated C'4-labeled Protein N Catabo- (10) (1.5) (4.0) (.16) (24/9) = 


Exp. 1*. Plasma Proteins C14-labeled Exp. 2*, Liver Proteins C!4-labeled 
(4.0 gm) 9 hr (1.78 gm) 6 Ar 
0 100 
100 0 
2.7 90.0 
95.5 6.3 
1.5 3.7 


(10) (3.7) (1.78) (.16) (24/6) = 


25.6 mg 42.1 mg 


* These perfusions were carried out in collaboration with Dr. Chauncy G. Bly, Postdoctorate U. S. 


nitrogen production per 300 grams body weight 
gives almost as good gross correlation. Obviously 
expressing urea production in terms of liver 
weight gives much poorer correlation. This ap- 
parently is not related to significant differences in 
total liver protein content because expressing 
urea production in terms of milligrams urea nitro- 
gen per gram liver protein (not shown in the 
table) gave much poorer correlation than when 
expressed on a wet weight basis. 

In figure 1 the upper curve depicts the endog- 
enous urea nitrogen production by the isolated 
perfused liver under conditions which are perhaps 
comparable to those existing in the 18-hour fasted 
animal. Since no exogenous amino acids are 
added to the system, the urea produced must be 
primarily derived from deamination of free 
amino acids of the blood or liver. The fact that 
the free blood amino acid level (fig. 5) rises slowly 
during the course of the experiments implies 
that the perfused liver must be liberating not 
only enough free amino acids to supply the latter 
but also enough to yield an almost linear produc- 
tion of urea over the 4 hours of these experiments, 

Although not shown in figure 1, in two experi- 
ments the addition of 0.5 grams of glucose to the 
perfusing blood produced no significant decrease 
in the endogenous urea production. However, the 
addition of 1.9 grams of glucose or fructose (lower 
curve, fig. 1) was associated with a remarkable 
sparing of nitrogen. The nitrogen sparing action 
is more pronounced after 2 hours and suggests 
that the nitrogen sparing action of carbohydrate 
requires this time interval before a maximal 
effect is elicitable. 

It is of some interest to compute from our 4- 
hour liver perfusion data the mean endogenous 
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Fig. 1. Endogenous urea production by isolated perfused rat liver. 


I 2 3 4 
TIME IN HOURS 





The curves in this figure and in figures 3 through 8 mean values obtained for the number of experifacid m 
ments indicated in parentheses. Wherever given, as in this figure, the I lines through the last points in 


dicate the extremes of the range of values. 


Fig. 2. Method of estimating urea production in excess of endogenous urea. 


Added glucose spares nitrogen. 


35.0 
Fig. 3. Excess urea production by isolated perfused rat liver from a complete amino acid mixture in 
Fic. 4. Excess urea production by isolated perfused liver from a complete amino acid mixture. Adde( °| 

25.0p 


fructose spares nitrogen. 


urea nitrogen production on a 24-hour basis per 
square meter of body surfac¢ area for comparison 
with known data for the 24-hour nitrogen output 
in the rat (17) on a non-protein diet. 


(11.9)(6)(1 & 10/3 x 10?) = 2.4 gm urea 
N/m? (no carbohydrate supplement) 

(7.0)(6)(1 XK 10*/3 x 10?) = 1.4 gm urea 
N/m? (1.9 gm fructose or glucose supplement) 


This is to be compared with 1.91 grams of nitro- 
gen per square meter estimated by Bricker and 
Mitchell (17) for rats on a non-protein intake. 

The data of table 2 clearly point to the fact 
that both the liver and circulating plasma pro- 
teins contribute to the endogenous urea produc- 
tion. In experiment 1 of table 2 we see that 1.5% 


of the C™-label of lysine-labeled plasma proteit 
was oxidized in the course of 9 hours of perfusiol— 20,9 | 
Since 100 milliliters of plasma with a proteif 
content of 4.0% was used in the first experimen 
on a 24-hour basis one might expect the liver 
produce 25.6 milligrams of urea nitrogen. 
The donor of this liver weighed 220 gram® 10.0} 
therefore had .a surface area = .78 W + 14 
= 320 cm?. On the basis of the observed endo 5 of 
enous production the perfused liver of a rat wif ~ 
a 320 centimeter squared surface area woul 
yield 6 (11.9) (320/300) = 76.5 mg urea N/24h = 
Thus catabolism of plasma protein could yie 
(25.6/76.5) 100 = 33% of the urea nitrogen. | Fis. 5 


Similarly, from experiment 2 of table 2 we ma ae 


15.0} 





estimate that 42.1 milligrams of urea nitroget Bgee leg 
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derivable from liver protein in 24 hours. The liver 
donor here had a surface area of 296 centimeter 
squared; on this basis a 24-hour estimated pro- 
duction of 72.5 milligrams of urea nitrogen can 


4} be calculated. Thus the liver protein here yields 


58% of the endogenous urea produced. The small 
deficit of about 9% is easily derivable from the 
catabolism of hemoglobin released by normal red 
cell breakdown. 

Figure 2 depicts the essential data involved in 
computing the urea nitrogen produced in excess 
of the basal endogenous urea in experiments in 
which the amino acid mixture was added with or 
without glucose or fructose supplements. First, 
the surface area in centimeter squared of the liver 
donor was computed, then from the data of figure 
1 the anticipated basal endogenous urea produc- 
tion was estimated for a liver fron an animal of 
the computed surface area, as shown in the 
middle curve of figure 2. The values obtained 


Aby subtracting the estimated basal urea produc- 
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tion from the observed total urea production 
correspond to the urea production referable to 
the amino acid supplement. Thus all subsequent 
figures present curves which represent the differ- 
nees between the basal urea production and the 
urea production observed under the various con- 
ditions of amino acid and carbohydrate supple- 
mentation. 

In figure 3 are recorded the effects on urea 
production incident to the addition of the amino 
acid mixture with and without graded amounts of 
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glucose. In contrast to the lack of effect on the 
basal urea production the addition of 0.5 grams 
of glucose along with the amino acid mixture 
results in a significant nitrogen sparing effect 
particularly after the first 2 hours of the experi- 
ments. Increasing the amount of glucose added 
to 1.2 grams did not significantly enhance this 
effect. However, increasing the total glucose 
added to 1.9 grams did result in a further increase 
in nitrogen sparing as measured by the depression 
of urea production but not as measured in terms 
of nitrogen balance, as is apparent from table 4. 

Figure 4 affords a comparison between the 
nitrogen sparing effect of equal (1.9 gm) glucose 
and fructose supplements, and reveals that, al- 
though the two sugars in large doses were equally 
effective in suppressing the basal ‘endogenous 
urea production, glucose is definitely superior to 
fructose in sparing nitrogen when the amino 
acid supplement is added. In all the experiments 
of figures 3 and 4 the nitrogen sparing effect 
assumes significant magnitude only after 114-2 
hours. 

Figures 5 and 6 contain average curves of the 
blood free a-amino acid concentration changes 
and of the cumulative disappearance of the 
a-amino nitrogen respectively in the experi- 
mental groups of figure 3. They reveal that the 
increasing nitrogen sparing effect of the (0.5 and 
1.2-gm glucose) carbohydrate cannot be inter- 
preted entirely on the basis of altered clearance 
of a-amino nitrogen from the blood. Similarly, 
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Fig. 5. Changes in blood amino acid concentration during isolated rat liver perfusion. 
Fic. 6. Cumulative disappearance of blood amino acid nitrogen during isolated liver perfusion with 


en. 
we Mfnino acids. 
rogel BSee legend to figure 1 for explanation of curves. 
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TABLE 3. CHANGES IN RATIO LIVER FREE AA N 
CONC./BLOOD FREE AA N CONC. RELATED TO 
ADDITION OF GLUCOSE, FRUCTOSE, PYRUVATE, 

a-KETOGLUTARATE AND LACTATE IN THE 
ISOLATED PERFUSED RAT LIVER 
(1) Mean (2) Mean 
Final Blood Final Liver Ratio 


Free a-AA N Free a-AAN (2)/(1) 
Conc. mg % Conc.* mg % 


No Substrate (4) 8.8 72.0 8.2 
(4.7-17.0) (44.0-127. ) 
AAs, No CHO(2) 20.2 160. 7.9 
(19.8, 21.6) (124.0, 195.0) 
1.9 Gl(2) 9.0 43.3 4.8 
(8.0, 9.9) (40.4, 46.5) 
AAs + 0.5 GI1(4) 16.9 66.2 3.9 
(16.3-17.2) (43.8, 75.6) 
AAs + 1.2 GI(2) 16.7 60.2 3.6 
(13. 7-18.1) (57.2-66.7) 
AAs + 1.9 G1(3) 14.2 44.0 3.1 
: (12.4-15.7) (40.6-45.9) 
AAs + 1.9 Fr(4) 20.4 65.7 3.2 
(18.9-21.4) (56.0-78.2) 
AAs + Pyruvate(3) 19.6 41.5 2.1 
(15.4-21.7) (26.7-40.1) 
AAs + a-Ketoglu- 21.9 46.2 2.1 
tarate(3) (17.1-27.1) (28.1-58.5) 
AAs + Lactate (3) 17.4 49.0 2.8 
(16.4-18.1) (32.3-77.5) 


* These values are uncorrected for the extracellular free 
amino acids and are therefore probably lower than the true 
intracellular free amino acid levels. 


the bottommost curve of figure 6 indicates that 
the nitrogen sparing effect of the large dose of 
glucose in the absence of added amino acids is not 
reflected in the blood free a-amino acid. Nor in 
the experiments without the amino acid supple- 
ment is the total quantity of free a-amino acid 
nitrogen released into the circulating blood sig- 
nificantly altered by increasing the amount of 
glucose added. In this connection table 3 reveals 
that the addition of glucose or fructose profoundly 
affects the ratio of the final liver free a-amino 
acid nitrogen concentration to the final (at 4 hr.) 
concentration of free a-amino acid nitrogen in 
the blood. The addition of the amino acid sup- 
plement alone did not alter the ratio. The fact 
that the addition of glucose alone almost halved 
the free amino acid nitrogen concentration in the 
liver without significantly changing the blood 
amino acid nitrogen concentration suggests that 
the carbohydrate has depressed the breakdown of 
protein. An acceleration of protein resynthesis 
appears less likely on the basis of Tarver’s ob- 
servations (18) in which it has been found that 
maintenance of rats on a low protein diet in- 
creases liver plasma protein turnover time 
markedly over that found in rats on an isocaloric 
high protein intake. 

The data for lactate, pyruvate and a-keto- 


Volume l,f § 


glutarate in tables 3 and 4 clearly indicate that, 
lowered liver amino acid to blood amino acid 
concentration ratio does not per se favor positive 
nitrogen balance, since with the exception of the 
single (2.5 gm) pyruvate experiment the nitrogen 
‘balance’ is almost as badly negative here as with 
no carbohydrate supplement whatsoever. Here 
again, however, as also in the case of the large 
fructose supplements, conditions yielding a badly} 377 
negative nitrogen ‘balance’ in the isolated liver 
system might be considerably more favorable in} 3” 
an intact animal where amino acids, not taken up 391 
and catabolized by the liver, become available to 
the non-hepatic tissues for net protein synthesis§ 343 
This latter conjecture may conceivably be the) 410 
basis for the strongly enhanced positive nitrogen 
balance in growing animals given a surfeit of 
calories (2). 362 
Table 4 supports these conclusions and presents} 340 
the results of subtracting the net average excess 
production of urea from the total amino acid 
nitrogen which has disappeared in the course of 
the 4-hour perfusion. The differences termed net 
AN ‘balance’ reveal that the glucose supplements t 
were much more effective than the fructose sup-] thos 
plements. These values of net AN .‘balances’ 
would undoubtedly be low (unless corrected a8} giut, 
they are) insofar as the total amino acid nitrogen} per 
removed is significantly greater than the esti{ men 
mated a-amino nitrogen because the ninhydrig gogiy 
procedure used does not measure the ,non-a§ "jp pj 
amino nitrogen present in arginine, histidine assoc 
lysine, proline, oxyproline or tryptophane. In th Qual 
correction made, it is assumed that all the pyyaj 
amino acids are removed to the same extent a wag ¢ 
the a-amino nitrogen in general. Thus the cor} two , 
rected nitrogen ‘balances’ are considerably largety ryyat 
since the non-ninhydrin reactive amino acid nitro} tgine 
gen amounts to 22.7% of the total amino aci gimiy, 
nitrogen in the mixture used. of lac: 
Although the range of values for total blooq of «,, 
a-amino nitrogen removed in table 4 points to th4 aming 
possibility that the total clearance of amino acid§ pertys 
by the liver is enhanced by the addition of 09 piutay. 
grams of glucose, and then decreased by th ever, | 
larger supplements of glucose or fructose, th ing eff 
number of experiments is too small to permif of the 
statistical evaluation of these differences. Yet # primar 
suggests another component of the nitrogen spat of amj 
ing action of carbohydrate as seen in the intaq vious}y 
animal, viz. diversion of amino acids from tthe nit 
catabolic influence of the liver to the peripher{gmaq) 
tissues where the amino acids may be availabll gy, 
for protein synthetic needs. lose, I 
Inability of Pyruvate, Lactate, or a-KetOirhe qy 
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ta TaBLE 4. EFFECT OF GLUCOSE, FRUCTOSE, PYRUVATE, a-KETOGLUTARATE AND LACTATE ON UREA 
al PRODUCTION, BLOOD AA N REMOVED, N BALANCE AND LIVER GLYCOGEN SYNTHESIS IN ISOLATED 
nd PERFUSED LIVER SYSTEM* 
the & (4) 4 br (6) Total 

r Total Blood (7) Net 
gen Total | UreaN (5) Total Blood Amino N (8) N : , 

: (1) Av. (2) Supplement to AAs UreaN_ in Excess a-Amino Acid N Acid N_ Balance Balance Final Liver 
vith SA in gmf (No. of Expts.) Produced of Basal Removed Removed  (6)-(4) (6)-(3) | Glycogen Content 
I cm mg mg mg mg mg mg gms % wet wt. 

eet 410 None (2) 30.9 14.6 13.2 17.1 42.5 —13.8 
arge (12.4, 14.4) 
udly| 377 Gl 0.5(4) 23.9 8.9 17.7 22.9 +14.0 -1.0 (0.17, 0.40)t 
latte (14.1-21.2) 
aie 370 Gl 1.2(2) 22.2 7.6 14.9 19.3 +11.7 -—2.9 0.69, 2.47 

(13.9, 15.7) 
nUpE 391 Gl 1.9(3) 18.1 2.5 12.8 16.6 +14.1 -1.5  0.51-1.25 
le to (10.0-16.0) 
esis.§ 343 Fr 1.2(1) 18.5 4.9 7.4 9.6 +4.7 -8.9 
they 410 Fr 1.9(4) 24.4 8.7 11.6 15.1 +6.4 —8.3 2.6, 3.9 
ee (8.0-16.9) 
8 372 Pyr 1.9(2) 28.1 13.2 12.5 16.1 +2.9 -—12.0 .03-.12 
it of (16.1, 8.8) 
362 Pyr 2.5(1) 12.8 —1.8 6.6 8.5 +10.3 —2.5 12 

sents} 340 a-Ketoglutarate 21.2 pe 8.1 10.5 +28 —10.7 0.03-0.14 
xen 1.0(3) (4.6-12.1) 

d 388 Lactate 1.0(3) 30.7 15.0 12.9 16.5 +1.6 —14.1 0.26-0.70 
ac (12.3-13.4) 
‘se of . . . . . . . 
1 net * Values given in this table are averages with the separate values or ranges indicated in parentheses. 

+ Number of experiments in parentheses. 

nents t These final glycogen values were obtained from livers of two normal 18-hr. fasted rats other than 
SUP] those to which the rest of the data pertains. They were perfused with 0.50 gm glucose but no amino acids. 
unces’ 
ed as glutarate to Spare Nitrogen in the Isolated of pyruvate or a-ketoglutarate to glucose are not 
rogel] Perfused Liver. In only one of three experi- presented here in detail. However, they indicate 
) estl ments (table 4) did the addition of 2.5 grams of that the rate of conversion of these substances to 
ydrif’ sodium pyruvate to the amino acid mixture result glucose is not nearly as rapid nor as extensive as 
10N-0 


in nitrogen sparing quantitatively similar to that 
tiding associated with a comparable amount of glucose. 
In thf Qualitatively, the effect of the large dose of py- 
thes} ruvate in depressing the clearance of amino acids 
ent & was even more noteworthy. The average curve for 
ie COM two experiments with 1.9 grams of sodium py- 
largel} ruvate, however, does not differ from that ob- 
| nitro) tained with no added carbohydrate (fig. 7). 
0 acl Similarly, figure 8 reveals the relative inefficiency 
of lactate in three experiments in which 1.0 gram 
| bloof of sodium d-lactate was introduced with the 
s to the amino acid mixture. The urea production of livers 
0 acl") perfused with amino acids and added a-keto- 
of 04 glutarate are not presented in detail here. How- 
by tf ever, table 4 reveals the apparent nitrogen spar- 
se, WH ing effect in the urea nitrogen produced in excess 
perm of the endogenous urea. This effect is obviously 
Yet # primarily related to the greatly diminished uptake 
*n Spa of amino acids by the liver commented on pre- 
2 int# viously, and the nitrogen sparing as manifest in 
om the nitrogen ‘balance’ is probably insignificantly 
ripher small. 
vailab Glucogenesis and Glycogenesis from Fruc- 
lose, Lactate, Pyruvate and a-Ketoglutarate. 
e data obtained on the metabolic conversion 





a -Kete 


the conversion of fructose to glucose. This may, 
at least in part, explain the non-uniformity and 
relative inefficiency of these substances in sparing 
nitrogen under these conditions. 

In the experiments with large doses (1.9 gm) of 
fructose, 80-90% of the fructose was cleared from 
the blood; of this, about 40% was accounted for 
as blood glucose (non-fructose reducing sugar), 
and about 15% as liver glycogen. The fructose 
unaccounted for was not converted to lactate or 
pyruvate. The amounts of the latter found by 
analysis were much too small to account for more 
than 10% of the deficit. Lundsgaard (19) has 
described cat liver perfusions of 13¢ or 2 hours 
duration with relatively much smaller doses of 
fructose which were in the main converted to 
blood glucose and liver glycogen. He was unable 
to obtain significant glycogenesis from glucose 
perfused through the cat liver. 

In the lactate perfusions, 40-50% disappeared 
from the blood. About 24 of this was accounted 
for as blood glucose. In the pyruvate experiments 
about 75% of the pyruvate disappeared from 
the blood, with 14 of this amount accounted for 
as blood glucose. In both the pyruvate and lac- 
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Fic. 7. Excess urea production by isolated perfused rat liver from a complete amino acid mixture 


with pyruvate. 


Fia. 8. Excess urea production by isolated perfused rat liver from a complete amino acid mixture with 


lactate. 
See legend to figure 1 for explanation of curves. 


tate experiments, small amounts of liver glycogen, 
not exceeding 0.2 gm %, were present (table 4). 

In the a-ketoglutarate experiments about 80% 
of the ketoglutarate disappeared from the blood, 
with less than 14 of this accounted for as blood 
glucose, and a maximum of 0.14 gm % of liver 
glycogen. 

The relatively massive liver glycogen synthesis 
from the large doses of glucose or fructose (table 
4) invites comment for several reasons. Firstly, 
the ability of the isolated liver to synthesize and 
retain glycogen in amounts as high as 3.9 gms %, 
must be accepted as an additional property in 
witness of the viability and physiological integrity 
of the isolated perfused rat liver over periods of at 
least 4—6 hours. Only by raising the potassium ion 
concentration in the medium to abnormally high 
levels were Hastings and his collaborators able to 
effect glycogenesis of this magnitude in liver slice 
systems (20). Secondly, the liver glycogen data 
of table 4 reveal no readily apparent correlation 
with the extent of nitrogen sparing as measured 
by nitrogen ‘balance.’ 


DISCUSSION 


The use of the isolated perfused rat liver in an 
attempt to arrive at a better understanding of 
the mechanism of the nitrogen sparing action of 
carbohydrate has yielded not only information 
bearing directly on that problem but also having 
implications for the basic problem of designing 
an in vitro system for studying net protein syn- 
thesis in mammalian tissue. Furthermore, the 
results obtained point to the liver and blood pro- 
teins as being the major source of endogenous 


urea nitrogen. In addition, they emphasize the 
contribution of the liver and blood proteins 
toward maintainance of the blood free amino acid 
level particularly under conditions where no 
exogenous amino acids are forthcoming. 

Any hypothesis for explaining the mechanism 
of the nitrogen sparing action of carbohydrate 
must explain this action as it occurs both in the 
absence and in the presence of exogenous amino 
acids. Such an hypothesis should be applicable 
to the isolated perfused liver, since the data 
clearly demonstrate that large amounts of glussse 
or fructose (which an intact rat might assimilate 
in 4-6 hours while consuming a non-protein diet 
adequate in calories), exert a pronounced nitrogen 
sparing effect manifest in depressed production 
of urea, whether exogenous amino acids are added 
or not. 

In the present state of our knowledge, oxidative 
deamination of amino acids is in large measure 
best viewed as being channeled through the 
L-glutamic acid dehydrogenase system in con- 
certed action with a number of a-ketoglutaric- 
amino acid transaminases (21). Figure 9 sche- 
matically visualizes the central role which liver 
L-glutamic acid dehydrogenase and its essential 
coenzymes DPN (or TPN) may play in con- 
trolling the rate of ammonia and thereby the rate 
of urea formation. The work of Krebs has shown 
that in the normal liver the rate of urea formation 
may be regarded as a function of the ammonia 
concentration. The two major ammonia forming 
reactions in the liver are: a) oxidative deamina- 
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FATTY ACID OXIDATION 





L- GLUTAMIC 
ACID 


DPN 


o& - KETOGLUTARATE 


.. 


AA S 


PROTEINS 


L-GLUTAMIC 
DEHYDROGENASE 


o&- KETO GLUTARATE +(NH3) 


Fia. 9. Relations of liver L-glutamic acid dehydrogenase system to a) Coenzyme I in reduced (DPNH) 
and oxidized (DPN*) form; 6) free liver amino acids (AA’s); c) fatty acid oxidation and d) carbohydrate 
oxidation, which in the case of glucose may also yield reduced Coenzyme II (TPNH) from oxidized 


Coenzyme II (TPN*). 


cleavage of the amide group of glutamine as 
mediated by the liver glutaminases—phosphate 
catalyzed (22) and pyruvate catalyzed (22)-or 
by the glutamine transaminase systém of Meister 
(28). 

From the glutamic dehydrogenase catalyzed 
reaction of figure 9 we may derive the following 
mass law expression: 





INH] = K (oe [Glutamate] ) 


[DPNH] _ [Ketoglutarate] 


Other factors being equal, the [NH3] may then 
be regarded as a function of the two ratios 
[DPN+]/[DPNH] and [Glutamate]/[Ketogluta- 
rate]. Of these two ratios it is of interest to con- 
sider the effect of small changes of (DPN*] on the 
numerical value of the former ratio assuming the 
total concentration of both forms of the coenzyme 
to remain constant and the ratio to have an initial 
value of unity. For example, a 10% increase in 
[DPN*] with a corresponding decrease in [DPNH] 
would enhance the [NH3] by a factor of 1.22; a 
20% increase in [DPN*] similarly would enhance 
the [NH;] by a factor of 1.50; a 30% increase in 
[DPN+] would enhance the [NH] by a factor of 
1.85; and a 40% increase would more than double 


the [NH;] with a factor of 2.33. Conversely, 
metabolic processes which build up [DPNH] at 
the expense of [DPN*] would indirectly depress 
the formation of ammonia by the glutamic de- 
hydrogenase system. Figure 9 reveals also how 
the [DPNH] may tend to build up especially from 
glucose metabolism, not only via the conventional 
glycolytic pathway but also via the Warburg- 
Dickens hexose monophosphate shunt pathway. 
This pathway has been found to be quantitatively 
of major importance in the liver (24). Figure 9 
also indicates that’ the oxidative metabolism 
of fatty acids may significantly enhance the 
[DPNH]. Here it is pertinent to mention that 
dietary fat can exert a pronounced nitrogen 
sparing action (2). 

The factors which may directly or indirectly 
affect the ratio [Glutamate]/[Ketoglutarate] 
should also be considered. In the absence of 
specific data on the effects of potential nitrogen 
sparing substances upon the intracellular concen- 
tration of these metabolites, extended specula- 
tion is not warranted. It must be emphasized that 
this ratio is probably not quantitatively as sensi- 
tive as the coenzyme ratio because the sum of the 
intracellular concentrations of glutamate and 
a-ketoglutarate is not as constant, nor are the 
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concentrations of these two metabolites neces- 
sarily reciprocally related. As figure 9 shows, the 
concentration of glutamate is directly and in- 
directly a function of the free amino acid level 
which is in every case (table 3) reduced by sub- 
stances with any nitrogen sparing action what- 
soever. Whether this reduction in the free amino 
acid level is primarily the result of depressed 
proteolysis, or mediated through unknown cel- 
lular amino acid concentrating mechanisms is 
unknown. In the absence of exogenous amino 
acids, the former mechanism seems in better 
agreement with the known facts as discussed 
above. 

Presumably an effect on the level of free amino 
acids in the liver is per se not a definitive index of 
the nitrogen sparing action of carbohydrate. The 
data of table 3 clearly show that the final free 
amino acid level in the liver is decreased both in 
the glucose experiments, with nitrogen sparing 
almost to the point of equilibrium, and in the 
fructose, ketoglutarate and lactate experiments. 
In the latter the nitrogen sparing as measured by 
nitrogen ‘balance’ was modest at best. 

The potential contribution of glutamine to the 
formation of liver ammonia and urea is unques- 
tionably important in the intact animal where the 
blood glutamine transports peripherally formed 
ammonia to the liver. Without here opening into 
the controversial issue of the role of glutamine in 
urea formation by the liver, it seems proper to 
mention that glutamine nitrogen (in unpublished 
experiments) is converted to urea by the isolated 
perfused rat liver at a rate greatly exceeding that 
found for the complete amino acid mixture. It 
appears probable that the small but sharp rise in 
blood urea seen in most of the perfusion experi- 
ments in the first half hour (e.g. fig. 1) is largely 
referable to the rapid conversion of the donor 
blood glutamine nitrogen to, urea. 


SUMMARY 


The isolated perfused rat liver has been used 
along with lysine-6-C™“ to demonstrate that the 
major portion of endogenous urea nitrogen is 
derivable from catabolism of the blood and liver 
proteins. 

On the basis of nitrogen ‘balance’ calculations, 
glucose is definitely superior to fructose in sparing 
the nitrogen of an added complete amino acid 
mixture. However, both sugars depress endog- 
enous production to an equal extent. Supplements 
of lactate, pyruvate, and a-ketoglutarate are 
relatively inefficient in sparing the nitrogen of 
an added complete amino acid mixture. 
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The mechanism of the nitrogen sparing action 
of carbohydrate as well as other metabolites is 
interpreted in terms of the liver .-glutamic 
acid dehydrogenase system coupled with a-keto- 
glutaric-amino acid transaminases. Observed de- 
creased in the liver free amino acid level with 
nitrogen sparing are related to a potential de- 
crease in the ratio [Glutamate] /[a-ketoglutarate]. 
Probably of greater quantitative importance is 
the ratio [DPN*+]/[DPNH], a decrease in which 
should favor nitrogen sparing. 


We are indebted to Helen daCruz, Gilda DeF, 
Wolk, Sarah Hallagan, Mary F. Phillips, Maxine 
Raz, and Nellie Socala for technical assistance in 
these studies. 
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rm. 
T ; 1, we shall be concerned here primarily with the 
HE past decade has witnessed a considerable biological significance of uroporphyrin and co- 
AND 4 acceleration of basic research in the field of por- proporphyrin. The former is an octocarboxyl 
phyrin metabolism, and an increasing fusion of porphyrin, having four acetic acid and four pro- 
Reo. : ; ; Bia yrin, £ p 
the interests of biochemists and clinicians as the pionic acid side chains, while the latter is a 
rays- | role of the free porphy rins and their meds iN tetracarboxy! porphyrin in which the four acetic 
the biosynthesis of metalloporphyrins such as 4, iq groups of uroporphyrin have been replaced 
hemoglobin, cytochromes, catalase, chlorophyll, by methyl groups. 
ann |&tess becomes ever more clear. In keeping with the On heating in dilute acid, porphobilinogen is 
theme of this sy ADOSER, SRGSE attention will be readily converted to uroporphyrin (2). Incubation 
‘hem. idevoted here toa consideration of porphyria and with chicken blood (3), chlorella (4), or rat liver 
ad of the stimulus given by this relatively rare dis- homogenate (5), however, leads to its enzymatic 
, ‘pease to our understanding of the broader aspects conversion to copro-, proto-, (both free and heme), 
Biol.j% porphyrin metabolism. In addition, some nq several other porphyrins. A considerable 
salient aspects of porphyrin chemistry and syn- part of the porphyrin found in liver homogenate 
N. J.}thesis will be considered briefly, especially asthey incubated with porphobilinogen is present as a 
- Bio HT Recessary to an understanding of the subse- pon-fluorescent ‘pro-porphyrin’ which is readily 
uent discussion. converted to the fluorescent porphyrin by the 
111.4 desevnrs CHEMISTRY AND BIOSYNTHESIS addition of iodine or brief exposure to ultraviolet 










Farr} The elegant studies of Shemin and his collabo- 
3: 265,frators in this country and of Neuberger and co- 
orkers in England have shown that the carbon 
toms of porphyrin are derived from the two car- 
ns of acetate and from the methylene carbon 
. Biolpf glycine, while the four nitrogen atoms are 
erived from glycine (1). As shown in figure 1, 
; Hospthese investigators defined certain early deriva- 
ives with eventual formation, via a succinyl 
A intermediate, of delta-amino levulinic acid. 
wo molecules of the latter compound were 


¥ Nw 


3. hich appears to be the common obligatory pre- 
949. or of the various porphyrins. 
54 In addition to protoporphyrin shown in figure 


J ; | 
‘San Francisco, April 13, 1955. 





light. Some properties of these various compounds, 
are summarized in table 1. 

The question of heme synthesis from porphyrin 
and the possible interconversion of porphyrins is 
still unsettled. Until recently it was assumed 
that the uroporphyrin formed from porphobilino- 
gen was progressively decarboxylated through 
coproporphyrin to protoporphyrin. The latter 
then was assumed to complex with iron to form 
heme. Various investigators have reported what 
they considered to be both direct and indirect 
evidence in accord with this concept. 

Recent studies in our laboratory (6) have failed 
to confirm the progressive decarboxylation 
theory. Uroporphyrin C and coproporphyrin 
C™ having up to 190,000 counts per minute per 
milligram were incubated with liver homogenate 
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ACETATE @H2COOH + GHo-COOH TABLE 1. CHARACTERIZATION OF PORPHYRIN 
3 eg AND SOME OF ITS PRECURSORS 
2 e 
KREBS CYCLE Porpho- P - 
' é - frie é H + Re aaa chyna Porphyrins By 
ie eee © aS ae Color 0 ? Red-brown 
SUCCINYL CoA | Poe Cumet: ; . Fre 
ee ee Ehrlich reaction? + 0 0 Ust 
- euvoune pa oo Sel oc wo 0 0 + Cli 
Vv e H , Heat 
X-aMINO-@-KETO OE oe ee § e 
ADIPIC ACID LAY Pi , phyrin‘ 
G—¢ =€ C ‘ 
6-AMINO LevuLiNic & ol oH | SS See 4 _— 4 Urit 
ACID eee: gpeags Brief UV Ci 
CH Gu, CH CH; phyrin 
PORPHOBILINOGEN Ho CHo Demonstrable in 0 + + Pc 
Coo _—oox normal urine’ hi 
Ur 


PORPHYRINS PROTOPORPHYRIN 9 


Fic. 1. Biosynthesis of porphyrin from acetate 
and glycine. (Corresponding C'* and N'® atoms 
are identified by @ or © labeling.) 


and bone marrow, perfused through liver, or in- 
jected into rats and rabbits: Though decarboxy- 
lation of as little as 0.1 ugm, or less than 0.1% 
of the added dose, would have been readily de- 
tected, no activity was found in the purified 
coproporphyrin, protoporphyrin, or heme iso- 
lated in the uroporphyrin C" studies, nor was any 
activity found in the protoporphyrin or heme in 
the- studies employing coproporphyrin C". 
Significant activity was, however, found in the 
heme: isolated from bone marrow or liver incu- 
bated with protoporphyrin C™. Granick too has 
reported significant labeling of heme in chicken 
erythrocytes incubated with protoporphyrin 
(unlabeled) and radioactive iron (7). Unless the 
above studies are vitiated by the lack of essen- 
tial cofactors in the systems employed, one must, 
therefore, conclude that uro-, copro-, and proto- 
porphyrin are formed independently from por- 
phobilinogen. Other possible green porphyrin 
derivatives of uro- and coproporphyrin will be 
discussed below. ; 


SOME GENERAL COMMENTS ON PORPHYRINS IN 
TISSUES AND EXCRETA 


It is quite likely that porphyrin synthesis takes 
place in all body tissues. Data on the content of 
free porphyrins is most abundant for blood, mar- 
row, and liver. In these tissues approximately 
90-95% of the total extractable porphyrin is 
protoporphyrin, most of the remainder being 
coproporphyrin. 

Erythrocyte protoporphyrin concentration is 
increased in conditions which are or appear to be 
associated with iron deficiency, such as blood 
loss anemia, lead toxicity, anemia of infection and 


‘The identity of these compounds with thegy,,, 
colorless porphyrinogens has not been established. f rive 
Some, at least, appear to be colored. 

* Red color appears on addition of Ehrlich’s 
reagent (0.24% p-dimethyl amino-benzaldehyde 
in 7 N HCl. The color is intensified only slightly * / 
by the addition of an excess solution of saturated 
sodium acetate. The red aldehyde is not ex- 2 Cl 
tracted by chloroform, in contrast to the rej. —. 
urobilinogen aldehyde formed similarly. —*Best 478" 
excited with 405 my light from a mercury lamp Mou 
after acidification with HCl. ‘Mixture offin hep 
uroporphyrin isomers (I-IV) formed from por-}, orph 
phobilinogen. ’Pro-coproporphyrin and coprof 
porphyrin present in approximately equal amount fF” pe 
in normal urine. Traces of uroporphyrin and 8 or porphe 
more other porphyrins also present. reted 


nterm 

uremia. Erythrocyte coproporphyrin concentrafpf pati 
tion is related primarily to the rate of erythrofiurban 
poiesis, values averaging approximately 1 ygngmary 
per 100 ml erythrocytes for each per cent reticuphiefly 
locytes (i.e., 5 uygm copro-/100 ml erythrocytespertine 
with 5% reticulocytes, etc; ref. 8, 8a). Erytl 
Per diem urinary excretion of coproporphyrinptained 
averages approximately 180 wgm in normal adulifmicrose 
males and 140 wgm in females (9). Aside fronpe loca] 
porphyria (see below) values are most elevateiA secon 
in individuals exposed to lead. Increased erythropie pres 
poiesis, alcoholism, and liver dysfunction ampent are 
generally associated with moderately elevatelflobin | 
values. Renal disease with uremia leads to depenzider 
creased porphyrin excretion. orption 
Normal fecal coproporphyrin excretion rangé Becau 
from approximately 400 to 1000 ugm per daypsulted 
Fecal protoporphyrin is related both to bacterigfon in p 
breakdown of hemoglobin in the gastrointestingon, it is 
tract and to endogenous factors which are nd@foduced 
understood. harked 
@ pho 
ll-knoy 
The major types of human porphyria and theifscribed 
distinguishing features are summarized in tab! Acute 
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N 
Erythropoietic 
Synonyms Congenital or photo- 
™ sensitive 
wn | Frequency +2-4% 
Usual age of onset Childhood 
Clinical findings Photosensitivity 
Splenomegaly and 
hemolytic anemia; 
Erythrodontia 
Urine findings 
Color Red 
Porphobilinogen Absent 
Zn porphyrin Absent 
Uroporphyrin Type I 
|. the § Marrow porphyrin Markedly increased 
shed. § Liver porphyrin Slightly increased 
lich’s 
hyde 
ghtly 
rated 
t vel 2. Chemically erythropoietic porphyria is dis- 
sBed inguished primarily by the presence of increased 


lamp mounts of porphyrin in the bone marrow, while 
‘e oifin hepatic (acute intermittent and cutanea tarda) 
Po horphyria, excessive porphyrin concentration is 
et seen chiefly in the liver (10). Large amounts of 
d 8 orPorphobilinogen are found in the liver and ex- 
reted in the urine only of patients with the acute 
ntermittent disease. Clinically the latter group 
entrafpf patients show neurological and psychiatric dis- 
ythrogurbances as well as abdominal colic as their pri- 
| ygugmary complaints, whereas the others exhibit 
reticughiefly manifestations of photosensitivity. Other 
ocytespertinent features may be summarized as follows: 
Erythropoietic Porphyria. Examination of un- 
phyrinptained smears of bone marrow by fluorescence 
| adulmicroscopy shows the porphyrin fluorescence to 
e fronpe localized chiefly to the nuclei of normoblasts. 
evateiA second abnormality in many of these cells is 
rythroghe presence within the nucleus of a non-fluores- 
on argent area which is presumed to contain hemo- 
levateflobin because it stains characteristically with 
to depenzidene and because it has intense light ab- 
orption at about 400 my (11). 

rang@ Because splenectomy in some patients has 
er dayesulted in disappearance of anemia and diminu- 
acterion in photosensitivity and in porphyrin excre- 
testingon, it is believed that the erythropoietic stimulus 
are ngtoduced by the hemolytic anemia results in a 
larked augmentation of porphyrin production. 
e photosensitivity is a manifestation of the 
ll-known photodynamic effect of porphyrins, 
nd thempscribed first by Hausmann (12). 

in tablgAcute Intermittent Porphyria. The freshly 
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TABLE 2. DISTINGUISHING FEATURES OF HUMAN PORPHYRIA* 


Hepatic 
Cutanea Tarda 


Chronic 


Acute, Intermittent 
Acute toxic or idiopathic 


+60-70% 

2d to 4th decade 

Abdominal colic; Paresis 
and paralysis; Psychic 


+30-40% 

4th and 5th decade 

Photosensitivity; Skin 
pigmentation; He- 


disturbances; Hyper- patic dysfunction 
tension; Oliguria; Con- 
stipation 
May be normal (darkens Red 
on standing) 
Present Absent 
Present Present 
Types I and III Types I and III 
Normal Normal 


Markedly increased 
(chiefly as porphyrin) 


Markedly increased 
(chiefly in precursor 
form) 


* Article by author, “Clinical Aspects of Porphyrin Metabolism”, VA Tech. Bulletin, 10-94, 1953. 


passed urine is generally normal in color since it 
contains chiefly (colorless) porphobilinogen. On 
standing or heating in dilute acid this is converted 
to porphyrin, imparting to the urine a dark red- 
brown color. 

The mechanism of the clinical disturbances is 
unknown. Earlier studies on production of smooth 
muscle spasm by porphyrins have recently been 
questioned by Goldberg and co-workers (13). 
The condition is inherited as a Mendelian domi- 
nant trait. 

Other Forms of Porphyria. Mixed forms of 
hepatic porphyria are sometimes seen, with both 
photosensitivity and abdominal colic and/or 
neuropsychiatric disturbances. Porphobilinogen 
is demonstrable in the urine. 

Individuals with latent porphyria are generally 
found among relatives of patients with acute 
intermittent porphyria. They show moderate” 
increases in urinary porphobilinogen and _por- 
phyrins and have only minor or no pertinent 
clinical complaints. 


EXPERIMENTAL PORPHYRIA 


During the past few years we have succeeded 
in producing in rats and/or rabbits two types of 
so-called ‘experimental porphyria’ which have 
many features in common with the human dis- 
ease. , 

An erythropoietic type of porphyria is produced 
in rabbits by first administering repeated doses 
of phenylhydrazine to produce a hemolytic 
anemia and to stimulate erythropoiesis (14). Lead 
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TABLE 3. CHEMICAL CHANGES IN RATS WITH 
SEDORMID PORPHYRIA 


Substance Units Day0 Day 3 Day 10 
conc. (approx.) 
From liver 
Copro BL e% 10 80 100 
Uro* ue % trace 30 1000 
Porphobilinogen yg/gm O° Mp” 100 
Catalase Kat F/gm 100 20 3 
Green porphyrins vu/gmt trace 40 40 
Phospholipid we P/100mg 120 170 200 
Total lipid mg/gm 50 75 120 
Org. acid sol. P pe/100 mg 90 60 45 
From urine 
Copro pe/day 20 80 100 
Uro pue/day trace 15 500 
Porphobilinogen g/day “O” trace ++++1 
From bile§ 
Copro ve % 20,000 
Proto us % 40,000 
Uro ue % 1,000 
From bone marrow 
Copro uz % 5 5 
Proto pe % 40 40 
Uro ue % trace trace 


No significant change in liver cytochrome oxidase, succinic 
dehydrogenase, ribo- or desoxyribonucleic acid, or phospho- 
protein. Cytochrome c concentration seems to decrease only in 
relation to weight loss. The phospholipid, total lipid, and organic 
acid soluble P have not yet been fractionated further. 

* All uroporphyrin analyses done after boiling tissue, urine, 
or bile extract. 

¢ 1 unit has optical density at 400 my equal to that of 1 ugm 
of coproporphyrin. 

t No accurate quantitative data available. 

§ Data available only on rabbits sacrificed after approxi- 
mately two weeks or more Sedormid feeding. 


acetate is then injected, and the animal is ex- 
posed to unfiltered light from a mercury lamp. 
This is followed in the next day or two by a 
marked increase in the bone marrow and urinary 
uro- and coproporphyrin. Liver porphyrin con- 
centration remains unaltered. Unlike the human 
disease, urinary porphobilinogen concentration 
is greatly increased. 

A hepatic type of porphyria in rats and rabbits 
is produced by the daily oral administration 
of allyl-isopropyl-acetyl-carbamide (Sedormid) 
(15). A number of analogues have recently been 
shown by Goldberg and Rimington (16) to pro- 
duce similar effects. These all contain the allyl 
group, but vary in the alkyl and acid amide or 
ureide substituent. The water-soluble allyl-iso- 
propyl-acetamide introduced by them has been 
very useful since it can be administered paren- 
terally and is non-hypnotic. Talman and her 
colleagues (17) have reported especially interest- 
ing results in chickens following injection of these 
compounds into the developing egg. A similar 
type of experimental porphyria also follows 
the administration of trional (diethylsulfoneethy]- 
methyl-methane). 
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Chemical studies of the tissues and excreta of 
the Sedormid-treated animals are summarized 
in table 3. The most striking changes noted to 
date are these: 

Porphyrins (uro-, copro-, and proto-) and 
porphobilinogen. The concentration of liver copro- 
porphyrin rises rapidly to peak values in 2-3 
days, and remains fairly constant thereafter, 
Porphobilinogen and uroporphyrin concentration 
rise only after several days. Before death rabbits 
may excrete 50 mg or more of porphobilinogen 
per day. Quantitative data on liver protopor- a3 
phyrin is subject to considerable error because off 4 
contamination with green porphyrins (see below), roy 
Its liver concentration rises only slightly, though - 
its concentration in bile is very high. The normalf P 
values found for bone marrow (and circulating soi 
erythrocytes) are similar to the finding in human}... 
hepatic porphyria. goa 

Catalase. The enzymatic activity of liver cata-} ee 
lase falls about 50% per day (18). In Sedormid-- 
treated rats no significant C™ activity was found]. 
in liver catalase 2 days after the administration of oa 
glycine-2-C™, while significant activity was found ey 
in the liver catalase of control normal rats. These! > 
studies suggest that Sedormid blocks the syn- jee 
thesis of liver catalase, and that the observed ae 
rate of decline of catalase activity reflects a ‘half- me & 
life’ of this substance of one day or less. The metal 
nature of this synthetic block is unknown. | pol 
Sedormid feeding is discontinued, liver catalas = 
activity returns to normal in approximatély gee 
week. ®) . 

Green porphyrins (6): Within a few days, tha. lier 
livers of Sedormid-treated animals became olive) ’°P 
green in color. (This is seen best after saline a 
perfusion of the liver.) Considerable amounts 0 mploy 
green pigment can be extracted from the livey eat 
and separated from other porphyrins and hemes pee ( 
by the procedure outlined in table 4. Six hour! the 
after the intraperitoneal injection of the acet ew 
amide compound, the concentration of grej 
pigments increases at least 8-fold. During the 
first 2-3 days its concentration is 10-20 time 
that of uro-,copro-,and protoporphyrin combined 

Despite considerable effort it has not yet beeg@ounts 
possible to obtain this substance in crystalling®horm: 
form. Some of its properties, however, may } tients 
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summarized as follows: - mij 
FRACTIONATION: It can be fractionated ; 
tate w 


various types of column and paper chromatog 
raphy into several distinct pigments. Most a 
green. Others are some shade of brown or yellow. 

FLUORESCENCE: Some fractions fluoresce il . 
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tensely red when exposed to near ultraviolet 
light; others are non-fluorescent. 

ABSORPTION: The absorption spectra of these 
compounds are similar to those of known por- 
phyrins (especially chlorins and phorbins) but 
are identical with none. They are also clearly dif- 
ferent from those of known green hemins, bile 
pigments, etc. All show Soret type absorption 
bands whose maxima range from about 380-430 
mu. The optical densities of this band are ap- 
proximately 10-13 times that of the main band 
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Pr Fn the visible spectrum. The absorption maxi- 
18€ olf mum of the latter is shifted far into the red, being 
low), lightly over 700 my in some fractions. The infra 
rough Dad absorption spectrum is similar to that of other 
or porphyrins (19) but is distinguished mainly by 
— he unusually pronounced absorption at about 



























3300 cm. 

BIOSYNTHESIS: a) From glycine-2-C™. Glycine- 
b-C“ was administered to 16 Sedormid-treated 
ats. They were killed in groups of 4 at various 
ime intervals up to 68 hours. The specific ac- 
ivity curves of the coproporphyrin, protopor- 
bhyrin, and green porphyrins isolated from the 
yooled livers were similar, with maximum spe- 
‘fific activities found in all within a few hours after 
he glycine administration. From the similar 
fnetabolic pattern of these compounds it was 
foncluded that the green porphyrins cannot be 
rived from preexisting heme compounds such 
catalase or hemoglobin. 

4) From uro- and coproporphyrin. In the 
__ g,patlier described studies on the fate of uro- and 
‘al ‘foproporphyrin C" in various biological systems 
oy f was noted that up to 10-15% of the activity 
ne mployed could be recovered in green porphyrins 
» liver? rated by calcium carbonate chromatography. 
hemeg Hose C™ labeled compounds appear to be similar 
“hour the green porphyrins isolated from livers of 
| edormid-treated animals, but further study is 
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4 METABOLISM OF PORPHOBILINOGEN 
imes 


rbined’ AS noted above, the excretion of excessive 
ot beegounts of porphobilinogen constitutes a basic 
stallingnormality in Sedormid-treated animals and in 
ients with acute intermittent porphyria. 
is might conceivably be due either to a block 
fed bi its further metabolism or to its production at 
tate which exceeds the capacity of the liver to 


nay DP 


matog 

e ‘ tabolize it. The latter has recently been shown 
vellow be true (20). Liver homogenates from normal 
tll ing’ Were incubated with added porphobilinogen 


ile those from rats treated with Sedormid for 
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TABLE 4. PRELIMINARY TISSUE PORPHYRIN 
ANALYSIS: SCHEMATIC SUMMARY 


Tissue 


| 
ETOAc:HOAc (4:1)—————-— 
[Residue 





Cryst. 
Hemin 


HI:HOAe 
Meso 


3% NaOAc 10% HCl 25% HCl 





‘Green 
Porphyrins’ 


Uro Copro Proto 


To identify the porphyrins precisely, the above 
fractions are esterified with a 19:1 mixture of 
MeOH:H.SO, for purification by column chroma- 
tography and crystallization. 


2, 5, and 13 days respectively were incubated 
both with and without the addition of porpho- 
bilinogen. The content of porphobilinogen and of 
porphyrins in the homogenates were determined 
at various time intervals. Results were similar in 
all cases regardless of the initial porphobilinogen 
concentration (91-383 ug/g of liver). From 47-67 
wg of porphobilinogen disappeared per gram of 
liver during the first 5 hours from homogenates of 
normal rat liver, while the corresponding values 
from Sedormid rat livers ranged from 62 to 80 
pg. During the same time interval porphyrin 
production was similar in all groups. 


DISCUSSION 


Clinical studies of porphyria patients and the 
isolation of porphyrins and porphobilinogen from 
their excreta have been of paramount importance 
in stimulating chemical and biochemical studies 
of porphyrin metabolism. There is no doubt that 
the growing body of data being accumulated by 
the biochemist will soon have a corresponding 
impact on the clinical understanding of this dis- 
ease. To date, however, this is insufficient to 
answer four key questions raised by the clinician: 

1) Do the findings in experimental animals cor- 
respond to those seen in human patients with 
acute intermittent porphyria? The porphyrin and 
porphobilinogen pattern in tissues and excreta of 
patients and experimental animals appear to be 
similar in all respects studied to date. There is, 
however, no known data available on catalase 
activity or concentrations of other compounds 
listed in table 3 from livers of acutely ill patients. 
Fenton (addendum to ref. 16) has reported the 
absence of nerve demyelinization which is char- 
acteristically found in the human disease. 





a BG aS ab meenhgehacoeh 


gt HS ps RPE aa Re a 


722 FEDERATION PROCEEDINGS 


2) What is the basic biochemical abnormality 
in this disease? It appears at the moment that 
the basic biochemical abnormality must be 
sought at one or both of the following levels: a) 
the tetrapyrrole level, where an effect on catalase, 
green porphyrins and coproporphyrin are ap- 
parent within a few hours, and b) the porpho- 
bilinogen and pre-porphobilinogen level, where 
observable changes have thus far appeared only 
after treatment for 2 or more days with Sedormid. 
Shemin and Russel have found that delta-amino 
levulinic acid is a common precursor not only of 
porphobilinogen but also of purines and other 
substances as well (21). The suggestion has there- 
fore been made (22) that a block in one of the 
other metabolic pathways of this compound may 
lead to its piling up and excessive conversion to 
pyrrol compounds. If such a mechanism does 
operate, it is not clear how this would result in 
the observed block of catalase synthesis, though 
it is conceivable that the same or related enzyme 
systems might be involved. The possibility also 
exists that the primary block involves conversion 
of porphyrins to heme enzymes, and the increased 
pyrrol synthesis results from an attempt by the 
liver to compensate for this block. This would be 
analogous to the stimulation of erythropoiesis 
produced in hemolytic or blood loss anemia. 

3) What is the mechanism of production of the 
symptoms observed? It would now appear that 
porphobilinogen and porphyrins per se are not 
responsible for the symptoms of acute intermit- 
tent porphyria. While there is no experimental 
data on the subject, it is suggested that deficien- 
cies of heme enzymes and/or other compounds in 
the nervous system may be the most likely cause 
of these symptoras. 

4) What specific therapy can be offered the 
patient? ACTH and a large number of vitamins 
and other substances have proven ineffectual in 
the treatment of Sedormid porphyria (18). Many 
of the compounds tested have been recommended 
for the human disease, but all are of limited value. 
If the many compounds which induce porphyria 
act as competitive antagonists, one might expect 
suggestions for rational therapy to follow from 
studies of their molecular structure. 
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faddition of tracer tests utilizing I'*' to existing 
aboratory procedures, such as the basal meta- 
bolic rate and determination of protein-bound 
rum iodine, has significantly increased the 
sboratory’s usefulness with regard to evaluation 
f abnormalities of the thyroid gland. 

Because of its penetrating gamma rays, I'*! can 
wpe measured in vivo as well as in vitro. This has 
4d to two basic types of tests of thyroid function 
sing radioiodine, namely measurement of the 
ate or amount of thyroidal accumulation of the 
sotope and determination of the rate or amount 
labeled hormone leaving the gland. Innumer- 
Chehle direct and indirect procedures have been 
evised to measure these functions. 


PRESENT STUDY 


4 It was decided to study a series of eight tests 
mploying I’! in persons who did not have evi- 
“ence of disease of the thyroid, as well as in groups 
f patients who had various disturbances of thy- 
vidal function. Diagnoses were established on 


gle I'*! test was performed in all instances. 
this group, 46 were excluded from the series 
tcause of the recent use of drugs that invalidated 
#e tracer studies (31 patients) or because a clear- 


ents). The control group in our series consisted 





'The Mayo Foundation, Rochester, Minne- 
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INVESTIGATION OF DISEASES OF THE THYROID GLAND 


DIOACTIVE IODINE 


McConauey, F. Raymonp Kzatine, Jr. 
N L. Orvis 


_JFrom the Sections of Clinical Pathology, Medicine, and Biophysics and Biophysical Research, 
Mayo Clinic and Mayo Foundation, Rochester, Minnesota 


of 181 patients and volunteers without any com- 
plaints referable to the thyroid gland and in 
whom clinical findings of thyroidal abnormality 
were absent. Exophthalmic goiter was diagnosed 
in 92 patients, nodular goiter in 65 and myxedema 
in 13. The remaining 72 patients included several 
small groups who had miscellaneous pathologic 
states of the thyroid; these groups will be con- 
sidered elsewhere (4). 


METHODS 


For most patients the following procedure was 
used: 50 we of NalI'*! (carrier-free)? was admin- 
istered intravenously; a continuous record was 
then made of the thyroidal uptake of I'*! for the 
first half hour. Urine was collected at the con- 
clusion of the half-hour test and fractionally 
during the next 2 days. The thyroidal uptake of 
I'3! at 6 and 24 hours was determined. Finally, 
24 hours after the dose was given, a sample of 
blood was drawn for assay of serum I'*!, 

Method 1: 6-Hour Thyroidal Uptake. Six hours 
after administration of a dose of I*!, the amount 
in the thyroidal region of the neck was measured. 
Sodium iodide (thallium-activated) scintillation 
crystals were used at a skin-crystal distance of 
20 cm. With our 2.5-cm crystal (2.5 em in diame- 
ter, 1.3 cm in length), the attenuator-discrimina- 
tor settings were such that 1 ue of I'*! registered 
18 counts per second (cps) over a background of , 
about 1 cps; with our 3.8-cm crystal (3.8 cm in 
diameter, 2.5 cm in length), the value was 80 
cps, with a background of about 5 eps. The col- 
limation of both counters was such that the 
surface of the neck ‘viewed’ by the crystals was a 
circle with a diameter of 8 cm. 

Method 2: 24-Hour Thyroidal Uptake. This was 
like method 1 except that the thyroidal uptake 
was measured 23-25 hours after administration of 
the dose. 

Method 3: 24-Hour Urinary Excretion. Urine 
was collected fractionally for other purposes (see 


2 Obtained from Abbott Laboratories under 
authorization of the Atomic Energy Commission. 
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Fic. 1. Continuous recording of thyroidal 
uptake of I'*! after intravenous administration of 
20 we. Thyroidal clearance of plasma I’ was 
calculated from this curve to be 187 ml/min. 


method 4) during the first 24 hours. Aliquots of 
each sample were counted in a Texas Co. well 
counter of the Geiger-Miiller type. The counter 
had a sensitivity of 870 cps per ue over a back- 
ground of about 7 cps. Samples (60 ml) were 
compared with a diluted aliquot of a ‘pilot’ repre- 
senting the administered dose. This technic 
avoided any need for absolute standardization of 
the counter, as well as obviating corrections for 
decay. 

Methods 4 and 5: Extrarenal Disposal Rate and 
Thyroidal Accumulation Rate. The technics used 
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were those developed by Keating and associates sof 
(5). The fraction of the administered dose of 
I'3! appearing in the urine was determined at 
intervals of 2, 4, 6, 12, 18, 24 and 48 hours. The 
cumulative excretions were plotted as the frac.§ go} 
tion of the dose excreted versus time. From the 
final portion of the curve, an asymptotic value was 
assumed. The difference between any observed 
value and the asymptote was replotted logarithni- 
cally versus time. The slope of the resulting 
straight line is a measure of the rate of disappear. 
ance of I'*! from the iodide space of the body, 
Essentially, the rate is the sum of two functions§ o— 
namely renal excretion and thyroidal accumula, 
tion. By multiplying the rate of disappearance b 
the thyroidal uptake, one has a measure of ‘thy. 
roidal accumulation rate’; when the rate of dis. 
appearance is multiplied by the fraction of t 
dose actually excreted in the urine, the produc 
is the ‘renal excretion rate.’ The difference be 
tween the total rate of disappearance and th 
‘renal excretion rate’ has been called the ‘extra reage 
renal disposal rate’; this is the rate of migration§ of th 
of I'* to all tissues other than the kidney andfcipita 
in general, it correlates well with the ‘thyroidal 
accumulation rate.’ 

Methods 6 and 7: Protein-Bound I'*! (6) 















sayed for total radioactivity. The proteins we 
precipitated in the same tube by the Somogyi zi 
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TABLE 1. RESULTS OF TESTS UTILIZING RADIOIODINE IN VARIOUS THYROIDAL STATES -cm 
—$J!21 (ag 
Euthyroid Controls* Patients* in Normal Range, % tracing 
aa Nodular goiter ia 
Test Exoph- epee: tive | 
= dema With Without Figu 
Mean Normal range 592) (13) gh hype kgr 
(19) (46) 
6-Hr. thyroidal uptake, % of dose 14.9 7.5-25.0 0 0 58.3 93.9 
24-Hr. thyroidal uptake, % of dose 24.8 11.9-46.5 11.1 7.7 77.8 | 100.0 
24-Hr. urinary excretion, % of dose 58.8 36 .5-74.9 8.9 91.7 56.3 97.8 
Thyroidal accumulation rate, % of 3.3 1.1-8.0 11.1 16.6 80.0 95.6 
dose/hr. 
Extrarenal disposal rate, % of dose/hr. 4.3 1.4-8.4 6.7 58.3 73.3 80.0 Fic 
Thyroidal clearance of plasma I'*!, ml 8.2 0-26.0 0 100.0 68.8 ines 
plasma/min. SD morn 
24-Hr. protein-bound serum I'*!, % of .064 .014—.167 33.3 | 100.0 75.0} 100. ients 1 
dose/|]. serum As 
24-Hr. conversion ratiot 20.3 2.5-46.3 4.8 | 100.0 58.8 viel 
| 
Protein-bound I, ug/100 ml serumt §.1 3.4-7.6 3.9 0 12.2 | 100.0 Pe 
BMR, % deviation from normalt —4 —20 to +16.0 | +11.1 | +15.4 | +18.7 | 493.5 




















* Figures in parentheses = number of patients. 


data on protein-bound iodine and the basal metabolic rate are given for reference. Since they provid 
a portion of the basis for diagnosis, they were not themselves being evaluated in this study. 






Tt (PBI'3! x 100) + total serum ['*!, t Th 
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Fic. 2. Distribution of values for thyroidal 
uptake of I'*! 6 hr. after administration of the 
dose. All the results in euthyroid persons and in 
those who had exophthalmic goiter are included. 
Only one normal value lies within the range of 
values for patients with exophthalmic goiter. 


reagent and washed twice with water. The I!#! 
of the precipitate was then assayed. The pre- 
cipitated I'*! was calculated both as a percentage 
of the administered dose per liter of serum (pro- 
tein-bound I'*!) and as a fraction of the total 
radioactivity of the serum (conversion ratio). For 
these measurements, a well-type sodium iodide 


Method 8: Thyroidal Clearance of I'*! From 
e Blood. The method of Berson and colleagues 
(8) was used with two modifications, namely a 
-em crystal was used for measurement of the 
I'*! (as described under method 1) and a continuous 
tracing was rhade of the radioactivity during the 
alf-hour period of observation instead of cumu- 
tive counts at intervals of 1 minute. 

Figure 1 shows a characteristic pattern. The 
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7,000 counts per minute (cpm) from a previous 
tracer dose of I'*!. After the intravenous ad- 
ministration of 20 we of I'*!, there was a rapid 
increase in activity over the thyroid (to 23,000 
cpm), followed by the usual decrease as equi- 
librium between intravascular and extravascular 
iodide spaces became established. The equilibrial 
value was about 19,000 cpm, or 4 ue of I'*!. The 
thyroidal value 30 minutes later was about 50,000 
cpm, or 10 ue of I'*!, a net gain of 6 we, or 30 per 
cent of the administered dose. With the aid of 
the necessary additional data (height, weight and 
the half-hour urinary excretion), the clearance 
was calculated as 187 ml of plasma cleared of 
I'3! per minute by the thyroid. 


RESULTS 


The results of the study are summarized in 
table 1. The total number of patients with each 
thyroidal abnormality is listed; the percentage of 
those subjected to each test whose values fell 
within the normal range is indicated for each 
diagnostic test. 

The ‘normal range’ is defined for this study as 
the limits that included 95% of the values ob- 
tained in euthyroid persons; thus, we eliminated 
each group of values making up 2.5% of the total 
number and located at each extreme of the curve 
of distribution. This method was selected instead 
of the two-standard deviation technic because of 
the skewed distribution curves. 

It can be seen that all the tests utilizing I 
separated, to a considerable extent, the euthyroid 
persons from patients who. had exophthalmic 
goiter. Two of the methods, namely the thyroidal 
clearance and the 6-hour uptake, showed no over- 
lap between the values for patients with exoph- 
thalmic goiter and values within the 95% range of 
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normal. Figures 2 and 3 show the actual distribu- 
tion of the patients’ values and all control values 
with these two isotopic methods. 

In the case of myxedema, only the values for 
6-hour and 24-hour uptake were discriminating 
between the 95% range of normal values and 
those for myxedematous individuals. Again, the 
results of the 6-hour uptake were the more pre- 
cise.. 

Tests employing I"* all fell short of being satis- 
factory in patients with nodular goiters; too many 
who had clinical hyperthyroidism exhibited nor- 
mal values for I'*!, 


COMMENT 


Several factors must be considered in the choice 
of I'*! tests for the evaluation of thyroidal func- 
tion; these include diagnostic precision, the pa- 
tient’s time and the laboratory time involved in 
completion of the test, the complexity of the 
method and the size of the dose of I'*' required. 

The briefest test is the thyroidal clearance, 
which requires about an hour from the time of 
injection until the result is calculated. The meas- 
urement of the 6-hour uptake is completed on the 
same day that the I'*! is administered. The re- 
mainder of the tests necessarily carry over to the 
second day; this is also true of determination of 
protein-bound serum iodine. 

The simplest tests involve oral administration 
of the I'** and measurement of uptake over the 
thyroid; such tests require only a few minutes of 
the patient’s time. Urinary analyses are only 
slightly more time-consuming. However, calcula- 
tion of the thyroidal clearance or of the thyroidal 
accumulation rate, or the performance of protein 
precipitation of serum, is definitely more tedious. 
Further, any urinary test requires complete co- 
operation of the patient, which is not always 
obtainable. , 

When one uses scintillation crystals, measure- 
ments of uptake are conveniently performed with 
doses of I'*! of less than 10 uc. The thyroidal clear- 
ance is more accurate if the dose is at least 20 uc. 
The conversion ratio is satisfactory, however, 
only if the dose is 50 or, preferably, 100 yc. 

Three of the isotopic technics, namely measure- 
ments of thyroidal clearance, the value for pro- 
tein-bound I'*' and the conversion ratio, have 
intrinsic limitations that prevent their use in the 
differentiation of euthyroid and hypothyroid 
states. With these tests, the range of normal 
values extends practically to zero. The clearance 
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test in our experience is insensitive at the lower pre 
extreme and a calculated clearance of 0.0 ml per § yer 
minute may be obtained, even though a small but § dos 
definite thyroidal uptake is demonstrable several ff of | 
hours later. The extremely low conversion ratiosf—  } 
that may be encountered in normal persons ap-§ goi 
pear to reflect the exceedingly low level of pro- § rels 
tein-bound I" occasionally observed at 24 hours, ¥ val 

Our evaluation of these various considerations § the 
has led to the following routine procedure. The the 
patient is given orally a dose of 5 ye of I*!; the 
thyroidal uptake is measured 6 and 24 hours later, 
A 24-hour specimen of urine is collected and as. 
sayed for I'*! for two reasons: a) as a check on 
the dose, since the sum of thyroidal uptake and 
urinary excretion in 24 hours is usually 80-90% 
of the dose, and b) a lagging urinary excretion 
of I’ often warns of cardiac or renal disability,f i 
which may lead to an artificially increased value 
for thyroidal uptake. 

When these routine procedures yield equivocal 
results, a sample of blood is obtained for deterni- 
nation of protein-bound serum iodine (if the 24- 
hour uptake is less than 15% otf the administered 
dose) or a thyroidal clearance is performed (i 
the 24-hour uptake is between 35 and 55% of the 
dose). Reviewing the records of the last 300 pa- 
tients studied in this routine fashion, we found 
that 22.0% had values for the 24-hour uptak 
that were less than 15% of the dose, wheres 
44.7% were between 15 and 34.9%, 17.3% wert 
between 35 and 55%, and 16.0% were more tha 
55% of the dose. Thus, the study was conclude 
at the end of the 24-hour in vivo measurement it 
60.7% of patients, whereas 22.0% were sent fo 
determination of protein-bound fodine, and thy- 
roidal clearance was performed in the remaining 
17.3%. Of this last group (52 patients), 17 ha 
normal clearances (5.7% of the entire 300 pa 
tients) and 35 (11.6%) had clearances of satel 
than 26 ml per minute. 
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SUMMARY 





A series of tests utilizing radioiodine was unde 
taken on 469 patients who had various thyroid 
diagnoses in- order to evaluate clinically t 
diagnostic usefulness of these procedures. 
tests included thyroidal uptake 6 and 24 hou 
after administration of a dose of I'*!, 24-ho 
urinary excretion of I'*!, thyroidal accumulatio 
rate and extrarenal disposal rate based on fra 
tional urinary assays for I'*!, determination of th 
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protein-bound serum radioiodine and the con- 
yersion ratio 24 hours after administration of the 
dose, and measurement of the thyroidal clearance 
of plasma I'*! (Berson method). 

Ninety-two of the patients had exophthalmic 
goiter as determined by clinical evaluation cor- 
related with the basal metabolic rates and the 
values for protein-bound iodine. In this group, 
the radioiodine tests generally, and particularly 
the 6-hour uptake and the thyroidal clearance 
tests, were excellent for differentiating overactive 
thyroidal function from normal states. 

Thirteen patients were myxedematous. Of all 
the radioiodine tests, only the 6-hour uptake was 
ahighly satisfactory method for this group. None 
of the radioiodine tests was of great help in dif- 
ferentiating hyperthyroidism from euthyroidism 
in 65 patients who had adenomatous goiters. 
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ATHEROSCLEROSIS 


LAURENCE O. PILGERAM 





From the Department of Physiological Chemistry, School of Medicine, University of California,| 1 


Berkeley, California, and the Department of Physiology, College of Medicine, University 
of Illinois, Chicago, Illinois 


ae the past few years many notable ad- 
vances have been made in the study of athero- 
sclerosis. Along with these advances it has be- 
come increasingly clear that a relationship exists 
between the metabolism of cholesterol and the 
development of this disease which exacts such a 
high toll from among our population each year. 
As a consequence, experimental cholesterol ather- 
ogenesis has been employed as one of the main 
tools for investigative studies. However, along 
with this approach, it has become obvious that 
there exists considerable variability among ani- 
mal species in their susceptibility to experimental 
atherosclerosis. The work of Katz and associates 
(1), of Marx and co-workers (2), of Altschul (3) 
and the studies of Hueper (4) along with the 
studies of numerous other investigators indicate 
that the rat, for example, is relatively resistant 
to experimental atherogenesis, whereas the chick, 
rabbit, or the guinea pig are relatively suscepti- 
ble. It would therefore appear to be of consider- 
able importance to study in detail the biochemi- 
cal differences which may be correlated with 
susceptibility or resistance to cholesterol athero- 
genesis. 

Of primary importance is consideration of the 
ability of the species to metabolize cholesterol. 
Employing the cholesterol tolerance technique, 
Horlick, Feldman and Katz (5) have found that 
the disappearance time of intravenously injected 
cholesterol varied from 72 hours in the rabbit to 
24 hours in the chick and to 12 hours in the rat. 
Also, it was reported (1) that the feeding of 
cholesterol to the chick induces a high degree 
of hypercholesterolemia, whereas proportional 
amounts fed to the rat have practically no effect. 
The studies of Cook et al. (6, 7) suggest that the 
ability of the guinea pig to metabolize cholesterol 
is about equivalent to that of the chicken. This 
demonstration of a correlation between species 
ability to resist atherogenesis and the apparent 
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ability to metabolize cholesterol is of the highest 
significance, and serves as an excellent sign for 
the direction to be taken by future research en- 
deavor. It would seem logical, therefore, that the 
road to follow would be a study of the biochemis- 
try of cholesterol metabolism. An indirect way 
to study cholesterol metabolism may be to study 
phosphatide metabolism, for if phosphatide me- 
tabolism is correlated with atherosclerosis, as a 
survey of the literature will indicate, then it must]. 
also be correlated with cholesterol metabolism. 
Thus it was demonstrated by Ladd, Kellner and 
Correll (8) in 1949 that the incidence and severity 
of cholesterol-induced atherosclerosis in rabbits 
is decreased if the blood phospholipid is elevated 
concomitantly with the cholesterol. They accom . 
plished the increase in the phosphatides by em , 
ploying surface active agents such as Tween 8 indi 
and Triton A20. In 1950 Gertler, Garn and’ Ler on 
man (9) demonstrated that in the human being ggg 
the ratio of plasma total cholesterol to phospho- b 
lipid phosphorus was appreciably increased in . ve 
coronary disease as compared with normal con- . - 
trol groups. Both of these reports and numerous al 
other papers indicate a relationship to exist be thay 
tween the phosphatides and the development off, ts 
atherosclerosis in various species. 1 4 : 
However, the nature of the biochemical mecha ) al 
nism by which the phosphatides are involved it 7 
the atherosclerotic process and possibly in che el 
lesterol metabolism has remained obscure. Th pend 
studies of Jones et al. (10) indicate that all the 0 - 
lipoprotein molecules from 8; 40,000 down + P 
S; 4, and possibly into the high density class as 
represent a sequence of molecules in a metabolid.y ioe 
chain involved in the ultimate utilization of gly¢fomat: 
eryl esters and fatty acids. They summarized thai, to 
available evidence indicating that components Off] eg, 
high S; value are progressively transformed int@hatide 
those of the lower S; classes. Based on these tracethat, | 
studies and on other studies, they arrived at thé 
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further conclusion that the normal pattern is one 
showing no appreciable concentration of any lipo- 
+ proteins above a certain limit (S; 6) for the hu- 
man. Deviating from this simple pattern there 
is a regular sequence of types of patterns which 
may be regarded as a progressive manifestation 
of the metabolic block occurring in the athero- 
sclerotic. 

Information giving some hint as to the bio- 
chemical nature of this metabolic block would be 
of the highest importance. In this regard Block, 
Barker and Mann in 1951 reported (11) a defi- 
cient clearing of the alimentary lipemia in athero- 
sclerotic males as compared with the clearance 
rate in normal men and women. According to the 
observations of Gofman et al., (12) the concen- 
tration of lipoprotein species with S; values 
greater than 75 increases following fat-containing 
meals, while the species with S; values between 
30 and 70 constitute the major fraction of the 
alimentary lipemia and are greatly modified in 
concentration with relationship to meals. Thus 
it appears reasonable to assume that the defi- 
ciency in the clearing of the alimentary lipemia 
observed in the atherosclerotic by Block et al. 
represents part of the metabolic block which 
slows or inhibits the progressive transformation 
of the high S;¢ components into smaller low den- 
sity lipoproteins or even into a; lipoproteins. 

n Sh The observation of Block et al. provides some 
via indication as to the possible nature of part of the 
hella metabolic block in the atherosclerotic when it is 
e Me taken into consideration along with the results 
a i obtained by other investigators. In 1949 Ahrens 
a and Kunkel (13) reported that if one introduced 
< the alpha toxin of clostridium welchii into serum 
neromfone could produce or increase the lipemic state. 
int be This observation brings into sharp focus the re- 
ag ts obtained by Block e¢ al., since Macfarlane 

14) and Zamecnik, Brewster and Lipmann (15) 

a a ql demonstrated that the alpha toxin is an enzyme 
ho Which is specific for the degradation of phos- 
- |phatidyl choline with a very slow degradation 
a th curring for sphingomyelin. Phosphatidy] serine 
an and phosphatidyl ethanolamine were shown to 
wn “be unaffected. Collectively these results suggest 
 ClaSthat a part of the metabolic block found in the 
tabolititherosclerotic is related to the system for the 
of glYformation of phosphatidyl choline. Reinforcing 
zed thtthis tentative conclusion is the discovery by 
ents 0 McLean (16) of heparin in a mixture of phos- 
ed int@hatides which provided evidence for the inti- 
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stances. This work has been supported by the 
studies of Anderson and Fawcett (17). These 
observations taken together with the initial ob- 
servation by Hahn (18) of the involvement of 
heparin in a lipemia clearing system bring the 
studies of Block et al. and of Ahrens and Kunkel 
into a close and significant relationship. 

In view of this correlation of the data occurring 
in the literature, it was of interest to determine 
if a correlation could be demonstrated between 
the ability of an animal species to form phos- 
phatidy] choline from free ethanolamine and the 
resistance of the species to experimental athero- 
sclerosis. As is indicated in table 1, there occurred 
a striking difference between the ability of the 
atherosclerotic resistant rat to form phosphatidyl 
choline from free ethanolamine and the ability 
of the relatively susceptible chick or guinea pig 
to accomplish this process (20). The chick and 
the guinea pig possess a total liver capacity which 
is equal to only 3-4% of the capacity of the rat. 
If the ratio of phosphatidyl choline formation of 
the liver to body weight in grams is considered, 
one discovers that the ability of the chick and 
the guinea pig to carry out the reaction falls 
to 1-2% of the ability of the rat. 

The results obtained with ethanolamine-1 ,2- 
C™ could be interpreted as indicating that, in- 
stead of a greater capacity for synthesis, the rat. 
liver possessed a larger metabolic pool of methio- 
nine for the methylation of ethanolamine than 
did the chick or the guinea pig, or that the rat 
liver diluted the labeled ethanolamine less than 
did the liver tissue of the other two species, with 
the consequence that a greater yield of labeled 
phosphatidyl choline was produced. That this is 
not correct is proven by the much higher radio- 
activity of the phosphatidyl] choline of rat liver 
obtained when CH;-methionine was used as the 
methyl donor for unlabeled ethanolamine. 

The results of these experiments on a small 
number of species demonstrate for the first time 
a correlation between the activity of a: specific 
endogenous biochemical reaction system and the 
resistance to experimental atherogenesis. The 
results support the conclusions derived from the 
correlation of data obtained from the literature, 
namely that a part of the metabolic block found 
in the atherosclerotic is concerned with the sys- 
tem for the formation of phosphatidyl choline. 
Also the fact that the ability to form phosphati- 
dyl choline correlates with the apparent ability 
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TABLE 1. RELATIVE ABILITY OF NONFASTED LONG- 
EVANS STRAIN RATS, ENGLISH SHORTHAIR 
GUINEA PIGS AND WHITE LEGHORN CHICKS TO 
CONVERT ETHANOLAMINE-1,2-C' TO PHOSPHA- 
TIDYL CHOLINE 





Total Liver 





Species. | No. [he iver | Total Liver| Count/em 
Rat 10t | 1,180 | 16,520 | 94.5 
2t | 32,000 
Guinea pig 4t | 9 515 1.1 
Chick 4t | 40 640 | 2.1 
2t | 768 














Liver slices, totaling 500 mg, were incubated 
aerobically for 2 hr. at 37° C in 5 ml of Krebs- 
Ringer phosphate solution containing 0.0016m 
CaCl, at a pH of 7.4. The isolation of phosphatidyl 
choline was carried out as reported previously 
(19) with the exception that the acetone-precipi- 
tation step was eliminated and that choline was 
counted as the Reinecke salt derivative. 

* Total counts in phosphatidyl! choline/100 sec. 

Substrates: t+ Ethanolamine-1,2-C“% (3.8 X 
10-* m and 239,000 counts/100 sec.); methionine 
(7.5 X 10°* m). ~ C“H;-methionine (3.0 X 
10-4 m and 311,000 counts/100 sec.) ; ethanolamine 
(3.8 X 10-* o). 


to metabolize cholesterol merits further atten- 
tion. 

In view of these results it appeared of impor- 
tance to determine what the effect of a high cho- 
lesterol diet would be upon the system in an 
animal highly resistant to cholesterol atherogene- 
sis. In this regard we placed young litter mate 
male rats of the Long-Evans strain on diets con- 
sisting of cholesterol and cholesterol plus cholic 
acid for 14-21 days before they were killed. The 
livers were excised and liver slices prepared. 
These liver slices were incubated as indicated in 
table 1 in the presence of C™ labeled ethanolamine 
or methionine and the formation of phosphatidy] 
choline measured. The data presented in table 2 
demonstrate that dietary cholesterol increases 
the yield of phosphatidy] choline in the in vitro 
rat liver system (21). Cholic acid is necessary for 
the reaction to occur. In the absence of cholic 
acid the reaction to dietary cholesterol was quite 
variable, with about as many negative results as 
positive. The role of cholic acid may be one of 
increasing absorption of cholesterol from the rat 
gastrointestinal tract. This is indicated by the 
work of Swell et al. (22), where it was found that 
the presence of 1% cholate in the diet caused a 
progressive increase in the concentration of blood 
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cholesterol which continued up to 3 weeks. Ina | __ 
few of our experiments cholic acid was observed 
to increase the yield of phosphatidyl choline in | Ch 
the absence of cholesterol addition to the basic | D 
diet. This effect may be due to an increased ab- 
sorption of the normal dietary cholesterol, since 
the magnitude of the increase was not as great 
as it was when cholic acid and cholesterol were 
fed together. 

The question arises as to the effect of choles. 
terol feeding upon the synthesis of phosphatidyl | — 
choline in other species such as the chick, guinea s 
pig, or the rabbit. In view of the relative inabil- | + 
ity of the chick or the guinea pig to form phos-| f 
phatidy] choline from ethanolamine it is reason- 
able to assume that even if cholesterol feeding 
were to increase the yield of phosphatidyl choline 
in these species, nevertheless the total amount | to th 
of the phosphatide formed from ethanolamine | choli 
would still be insignificant as compared to the} Ou 
amount formed by the rat. closel 

The observation and interpretation of the pre- and « 
ceding results merit special consideration in view |'0 ch 
of results in the literature. Namely, Perlman and Jmuch 
Chaikoff (63) reported that the feeding of choles- }the g 
terol for 30 hours decreases phospholipid turn- }¢holir 
over in the liver of rats as measured by P**. How- 
ever, they also found that choline stimulated 
phospholipid turnover and that in the presence 
of cholesterol and choline the activity of P® la- 
beled phosphatides was approximately » three 
times as high as when cholesterol alone was fed. 
In view of the conditions of their experiments, it 
is necessary to point out that in our experiments a 
a) the rats were fed cholesterol for periods rang- eh 
ing between 14 and 21 days; b) the metabolic : 
study was carried out in vitro; c) the necessary holest 
substrates for the formation of choline were ides fc 
present; and d) our studies concerned a carbon 
chain moiety of the phosphatide molecule which 











beled ethanolamine we found the capacity of the 
rat to exceed that of the guinea pig by about 32 
times upon the basis of total liver activity. The 
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site TABLE 2. EFFECT OF CHOLESTEROL AND CHOLIC ACID ON PHOSPHATIDYL CHOLINE FORMATION 
ved sais Patina 
2 in | Choles- | Cholic | Basic No. | Av Liver Av. we, | Final Av. | poms eal Total Li 

| Acid t Expt. L - Wt. et A OER osphatidy otal Liver 
nse Diet Diet. Diet Reels Wt., gm sie se. peat 34 a nny) ys Count*/100 sec. 
ab- mg Tissue 
ince 
aaa - a = 8T 8.4 Normal 89 186 798 13,406 
ba _ + + 3t Normal 90 188 889 
verepo 4 + + 8t 10.6 Fatty 89 156 1040 22,048 

~ - + 2t 9.3 Normal 92 194 3182 59,185 
les. | + + + 2t 11.8 Fatty 88 182 4561 107, 640 
idy * Total liver count = (liver wt. in mg/500) X (phosphatidyl choline count/100 sec.). 
inéa } Substrates: 
abil- | + Ethanolamine-1,2-C™ (3.8 X 10-4 m and 239,000 ct/100 sec.); methionine (7.5 X 10-4 m). 
hos- t C'*H-methionine (3.0 X 10~* m and 311,000 ct/100 sec.); ethanolamine (3.8 X 10-4 m). 
Son- 
ding | explanation for the difference in these results sion or implicating the reaction system in athero- 
line | may be due to different metabolic pathways or sclerosis may be summarized as follows. Jukes 
ount | to the relative inability of the guinea pig to form has found that chickens could use monomethyl- 
mine | choline from ethanolamine. ethanolamine but not ethanolamine for growth 
the | Our results suggest that the rabbit, being and prevention of perosis (27, 28). The feeding 


closely related to the guinea pig in dietary habits 
and closely related to the chick in susceptibility 
to cholesterol-induced atherogenesis, would react 
much the same as anticipated for the chick and 
_ the guinea pig in the formation of phosphatidyl] 
.}choline from ethanolamine in the presence of 
dietary cholesterol. However, the results ob- 
tained with P*®? by Zilversmit, Shore and Acker- 
n (25) indicate that the rabbit does respond 
cholesterol feeding with a considerable in- 
rease in liver phosphatide synthesis. On the 
other hand, Marfori, Vulterini and Boccardelli 
(26) have observed that the administration of 
cholesterol to rabbits caused a decrease in the 
nail phosphatides of the liver. If they administered 

M8" kholine or inositol simultaneously with the diet, 
aboli hey were able to prevent the increase in liver 
*SSATY cholesterol and the decrease in the liver phospha- 
Were hides for 53 days. Choline was more effective than 
arbon inositol. Both of these results may be reconciled 
which If one assumes that cholesterol metabolism re- 
se8$ 4 huires the presence of phosphatides. Thus even 
phos-though cholesterol feeding stimulates the forma- 
is thetion of phosphatides, the use of the phosphatide 
t pos-from the liver may exceed the rate of synthesis, 
abeled} In order to reconcile all the observations, one 
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. Additional evidence supporting this conclu- 





of a diet deficient in methionine, the amino acid 
which is necessary for choline formation, but con- 
taining cholesterol has been found by Mann et al. 
(29) to produce atherosclerotic lesions in mon- 
keys. This observation merits considerable atten- 
tion, since here one is dealing with the primates 
which includes man. It has also been known for 
some time that thyroxin plays an important role 
in the atherosclerotic process. For example, con- 
siderable difficulty was encountered in making 
the dog atherosclerotic until Steiner and Kendall 
(30) produced atherosclerosis in this species by 
cholesterol feeding and antithyroid drugs. It is 
therefore of considerable interest to note that 
thyroxin has been found effective as a lipotropic 
agent against hepatic cholesterosis in contrast to 
the ineffectiveness of choline. However, Forbes 
(31) has found that choline is necessary in order 
for thyroxin to be effective. 

Two other observations which add to the com- 
plexity of the problem but nevertheless implicate 
the ethanolamine-choline system are the studies 
of Rinehart and Greenberg (32) where they 
demonstrated that pyridoxine-deficient monkeys 
develop arteriosclerotic lesions, and the very 
recent studies reported at the American Federa- 
tion of Clinical Research by Davis, Oester and 
Friedman where they demonstrated a decrease 
in the incidence and the severity of cholesterol- 
induced atherosclerosis in adenosinetriphosphate 
treated rabbits. In reference to the former ob- 
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servation it is known that pyridoxine is necessary 
for the action of decarboxylase, an enzyme 
presumably responsible for the formation of etha- 
nolamine from serine (33, 34). The latter observa- 
tion suggests the involvement of the ethanolamine- 
choline system in the atherosclerotic process in 
view of the report by Cantoni (35) that adeno- 
sinetriphosphate is necessary for the activation 
of methionine via S-adenosyl methionine. 


Grateful acknowledgment is made to Professor 
David M. Greenberg for his kindly interest and 
encouragement in this problem. 
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sii the technique of separating mix- 
tures of substances on the basis of differences in 
their rates of electromigration through stabilized 
media can be traced back, in a frequently broken 
chain, for about 70 years, its wide-spread devel- 
opment and application has occurred largely 
since 1950 (1). The number of published papers 
and reports, now exceeding a thousand, on vari- 
ous applications, modifications and limitations 
of the technique has grown so phenomenally 
since that time that this simple procedure has 
moved into the front ranks of important tools in 
biochemical and clinical chemical research. The 
technique of resolving mixtures of compounds on 
the basis of the relative differences in their elec- 
tromigration rates through media stabilized with 
filter paper and other materials such as agar, 
starch, glass cloth, etc., was developed inde- 
pendently in several laboratories. It is only 
natural, then, that this fact should be reflected 
in the nomenclature used to describe the tech- 
nique and associated operations er records. In 
this report the term ‘ionography’ will be used to 
describe the electromigration of all types of 
migrants, both colloidal and ionic, in stabilized 
media. The term ‘ionogram’ will be used to 
describe the end result from such experiments 
in which mixtures have been fractionated into 
discrete zones or areas, while the term ‘iono- 
graphic apparatus’ will refer to the instrument 
used for carrying out ionographic separations. 
Since filter paper has been the most widely used 
stabilizer, it can be assumed in this article that 
it is the material used unless stated to the 
contrary. 


PRINCIPLES AND DESIGN OF APPARATUS 


Although many variations in the technique of 
conducting electromigration experiments in 
stabilized media have been described, the great 
majority can be classified on the basis of design, as 
follows: 1) Closed-strip design: a) sandwich tech- 
nique, b) solvent immersion. 2) Open-strip design: 
4) vertical suspension, 6) horizontal suspension, 





) ridgepole suspension. 
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In the sandwich technique (2-4), the paper 
strip is clamped between two glass or plastic 
plates and is generally held in a horizontal posi- 
tion. In the solvent immersion technique (5, 6), 
the paper strip is immersed in a bath of liquid such 
as chlorobenzene or carbon tetrachloride or is 
overlaid with a hexane, heptane or similar non- 
water-miscible liquid. In the vertical arrangement, 
the paper strip is generally inclosed in a tall glass 
cylinder (7-9). The potential is impressed over the 
paper strip by placing one electrode in the trough 
holding the upper end of the strip and the other in 
the bottom of the cylinder. In the open-strip 
horizontal suspension arrangement (10-12), the 
paper ribbon is usually pulled taut in a framework, 
with the ends dipping into the buffer vessels which 
in turn are connected with electrode vessels by 
means of agar-filled salt bridges or have reversible- 
type electrodes immersed directly in them. A sche- 
matic diagram of an ionographic apparatus of this 
type is shown in figure 1. In the ridgepole suspen- 
sion technique (13, 14) the paper strip is draped 
symmetrically over a raised glass rod or similar 
structure so as to form an inverted V, with the 
ends of the strip extending down into the buffer 
solution. The framework and strips are generally 
inclosed in a suitable plastic chamber. 

Variations of the more basic designs include 
such arrangements as a) altering the sandwich 
arrangement by placing the moist paper strip or 
sheet in direct contact with a lower glass plate 
while separating it from the upper plate by a thin 
air space (15), b) altering the sandwich technique, 
or the open-strip, vertical or ridgepole techniques 
to provide for simultaneous combinations of elec- 
tromigration and chromatography, where both 
processes play an approximately equal role in the 
separation processes (16-20). Where paper or 
similar materials are used, this arrangement is 
sometimes referred to as ‘curtain electrophoresis,’ 
although the use of the word ‘electrochromatog- 
raphy,’ a term originally suggested by Berraz (8) 
would seem more appropriate, c) adaptations of 
the ridgepole technique where evaporation of 
solvent from the strip is actually promoted by 
providing perforations in the sides of the protect- 
ing shield over the paper strips (21, 22). 

Where agar, starch or similar type stabilizers 
are used, stabilized media may be placed in hori- 
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zontal or vertical tubes, rolled in sheets of thin, 
pliable plastic film, placed between sheets of glass 
or plastic, or put in horizontal troughs, with the 
upper surface exposed to the solvent-saturated 
atmosphere in an inclosed space (1). 


SOME APPLICATIONS IN CLINICAL CHEMISTRY 


About 90% of the thousand or so papers which 
have been published on the technique of ionog- 
raphy deal with proteins, protein derivatives, 
protein hydrolytic products, lipoproteins, carbo- 
hydrates, enzymes, hormones and vitamins. In- 
cluded among the papers dealing with proteins 
will be found procedures for the fractionation, 
identification and analysis of normal and patho- 
logical blood serum proteins, normal and ab- 
normal hemoglobins, urinary proteins, cerebro- 
spinal fluid proteins, iodinated proteins, gastric 
juice proteins, serum proteins of various animals, 
aqueous humor proteins, lens proteins, muscle 
proteins, antibodies, antigens, hemolysins, ag- 
glutinins, milk proteins, enzymes, protein hor- 
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mones, peptides and amino acids (1, 23-26), 
This wide spectrum of applications to the protein 
and allied fields is in sharp contrast to the litera- 
ture of chromatography, from which it is evident 
that only limited success has been attained in 
protein investigations. Some of the drawbacks 
associated with the chromatographic process 
include slow and incomplete resolution, difficult 
elution of proteins from columns and variable 
pH and salt effects that complicate the resolution. 

That electrophoresis in non-stabilized media, 
i.e. so-called ‘classical,’ ‘moving-boundary’ or 
‘free-solution’ electrophoresis, has proved to be 
an extremely valuable method for the separation 
and quantitative estimation of the proteins, is 
certainly evident from a perusal of the scientific 
literature. There are a number of factors, how- 
ever, which limit its clinical use: good apparatus 
is not inexpensive, relatively large amounts of 
proteins are required, time-consuming manipu- 
lations are associated with the preparation of the 
electrophoresis cell, and the subsequent analytical 











Fia. 1 (left). Schematic diagram illustrating the principal features of an ionographic apparatus of the 
horizontal open-strip type. Paper strip, F, is held horizontally in frame, J; the end clamps, H, contain- 
ing the spring-actuated drawbolts for holding the paper strips are movable, thus allowing for variable 
length paper strips or sheets. The ends of the paper strips or sheets dip into the buffer solution contained 
in the buffer vessels, E. These, in turn, are connected by means of the inverted U-tubes, C, to the elee- 
trode vessels, D. The U-tubes are filled with agar-stabilized KCl solution. Platinum or Ag-AgCl elee- 
trodes, which are connected to a d.c.-regulated voltage source, dip into the electrode vessels. The solu- 
tion level in each of the buffer vessels, E, is maintained at a constant height throughout a run, by 4 
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glass siphon tube, L, of small bore whose ends dip into the buffer solution. Except for the electrode ves- 
sels, D, and salt-bridges, C, all components of the apparatus are inclosed within the chamber K, whieh 


lyze 


is covered by the lid, B. The migrant may be added to the strips by inserting a micropipet through thejtion | 
openings, G. The open space within the chamber is made minimal by proper design and by pouring [prelin 


water into the chamber, K, up to the level of the buffer vessels. 


patte: 


Fia. 2 (right). Two procedures for estimating areas under a curve, as typified by the alpha-2 globulit Iyinat 


fraction of human plasma. Dotted line, perpendiculars dropped to base-line from troughs between peaks. 
Solid line, the curve is reflected, approximately, through the midpoint of the perpendiculars. 
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manipulations are complex. In addition to these 
factors, complete separation of two or more com- 
ponents is virtually impossible (26a) and the use 
of the method for the study of lipoproteins is 
difficult because they complicate the electro- 
phoretic separation by giving rise to more com- 
ponents in an already multicomponent system 
and by rendering boundaries non-planar (27). 
The proteins, being composed of amino acids 
and in some instances a small percentage of 
phosphates or other ionizable groups, exist in 
aqueous solutions as electrically charged entities. 
Other than amino acid end-groups, the specific 
amino acids and their groups responsible for 
ionization include arginine, the guanidinium 
group; aspartic acid, the beta carboxyl group; 
glutamic acid, the gamma carboxyl group; 
histidine, the imidazole group; lysine, the 
epsilon-amino group; tyrosine, the phenolic 
group; and iodinated tyrosine derivatives, also 
the phenolic groups. The magnitude of the elec- 
tric charge on the protein is related to the num- 
ber of these ionizable groups and to the environ- 
ment of the protein. The degree of ionization 
depends on the pH, ionic strength of the me- 
dium, temperature and the presence of non-ionic 
organic compounds. Besides affecting the ioniza- 
tion of the aforementioned groups, the buffer 
ions of the solutions are capable of binding with 
the protein; for example, the isoelectric point of 
a given protein is dependent both upon the buffer 
system employed and upon the buffer concen- 
tration. This is due to the binding of buffer ions 
with the protein. 

The electrophoretic mobility of a given pro- 
tein is a function of the net electric charge and 
hence of the number of ionogenic groups, molecu- 
lar weight and shape, and the environmental 
factors. By intelligent control of the variables, 
primarily pH, a mixture of proteins may usually 
be resolved with any method whose efficacy de- 
pends on differences in electromigration rates. 


PRETREATMENT OF PROTEINS FOR 
IONOGRAPHIC ANALYSIS 


Although it is unnecessary, in the qualitative 
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ionographic resolution of plasma proteins, to di- 
lyze the protein solution against the buffer solu- 
tion through which the proteins are to migrate, 
preliminary dialysis does lead to cleaner-cut 
patterns on the ionograms, and in the deter- 
ination of mobilities, it sometimes becomes a 
essity. Graf and List (28), for example, ob- 
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served a nonuniform and occasionally a reversed 
movement of horse serum proteins when the 
migrant was not previously dialyzed against the 
buffer. These effects were eliminated by dialysis. 
The theory and practical utility of dialysis are 
discussed by Clark (29), Holmes (30) and Stauf- 
fer (31). 

Urinary and cerebrospinal fluid proteins are 
usually concentrated before ionographic separa- 
tion. An increased protein concentration may be 
achieved by dialysis of the biological fluid con- 
taining the proteins against a fairly concentrated 
colloidal solution. Slater and Kunkel (32) dia- 
lyzed urine against a 25% aqueous solution of 
polyvinylpyrrolidone to concentrate the urinary 
proteins. Dextran (33) and gum acacia (34, 35) 
have also been employed. It must be emphasized 
however, that the indiscriminate use of such pro- 
cedures can lead to errors. For example, should 
the molecules be of such size that they penetrate 
the dialysis membrane, complications can occur 
in subsequent analyses of the proteins. This type 
of error is illustrated by the case of polyvinyl- 
pyrrolidone, which contains nitrogen and is also 
capable of binding dyes. In such an instance, the 
determination of protein location and protein 
quantity by micro-Kjeldahl or dye-elution meth- 
ods becomes quite complex. 

Since the protein concentration in cerebro- 
spinal fluid is much less than in blood plasma 
(0.016-0.038 gm % as compared to 6.5-7.8 gm 
%) a preliminary procedure for concentrating 
the proteins is generally necessary before iono- 
graphing the sample. Some of the methods which 
have been described include dialysis against high 
molecular weight materials such as dextran or 
polyvinyl-pyrrolidone (36), precipitation with 
acetone (37, 38), centrifugation and ultrafiltra- 
tion (39) and ultrafiltration (40). The micfd- 
biuret method for protein determination described 
by Goa would seem to be applicable to cerebro- 
spinal fluid studies as related to ionography (41). 

In general, it has been found that body fluids 
containing not less than 2 grams of protein per 
100 milliliters may be analyzed without prelim- 
inary concentration. Furthermore, for routine 
blood analyses, serum is preferable to plasma 
since the extra fibrinogen band complicates the 
ionogram, and the serum samples should be 
fresh and unhemolyzed. Adjutantis (42) found 
that success in resolving the soluble liver proteins 
of the rat is dependent on the freshness of the 
prepared material. Under optimal conditions five 
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major protein components were obtained (borate 
buffer, pH 8.6, ionic strength 0.18). If the protein 
solution was ‘aged’ for 48 hours, only one band 
could be demonstrated. 


BUFFER SOLUTION 


As regards the effect of the buffer solution on 
the rate of protein resolution, it has been observed 
that an increase in ionic strength generally causes 
the mobility of all protein components to de- 
crease, but not necessarily at the same rate. At 
the extremes of the pH range the differences in 
the mobilities of all components will be greatest 
if the possibility of denaturation or adsorption 
effects on the stabilizer is precluded. Most 
workers who have studied proteins have chosen 
to conduct their investigations at a basic pH in 
the neighborhood of 8.6, in order to reduce ad- 
sorption effects to a minimum (43, 44). A veronal 
buffer having an ionic strength of approximately 
0.05, is commonly employed. It may be prepared 
by weighing out 13.3 grams of sodium diethyl 
barbiturate and 1.84 grams of diethyl barbituric 
acid and adding water to make 1 liter of solution. 
Such a buffer solution is 0.05 molar with respect 
to the salt and 0.01 molar with respect to the 
acid. If the protein is to be determined by nitro- 
gen analysis, a reagent blank must be obtained 
since nitrogen is a constituent of the buffer mole- 
cules. 

A nomogram for acetate buffers has been 
assembled by Boyd (45). Gomori (46) has de- 
scribed the use of 2,4,6-collidine, tri(hydroxy- 
methyl)-amino-methane, and 2-amino-2-methyl- 
1,3 propanediol, each of which when added to 
hydrochloric acid can be used as buffers in the 
general range of pH 6.5-9.6. Miller and Golder 
(47) have reported on a set of buffers of value 
in the pH range 2-12. Other buffer systems and 
their preparation include: sphosphate (48-50), 
acetate (48), barbiturate (50), phthalate (49), 
borate (49) and veronal-acetate (51). 


THE STABILIZER 


Excellent protein fractionations have been ob- 
tained with such stabilizing agents as filter paper, 
agar and starch. In the case of paper, some of 
the factors which must be considered in making 
an appropriate choice include: /) the wet strength 
of the paper, the requirements in this respect for 
the horizontal openstrip and ridgepole techniques 
being different from those for the sandwich tech- 
nique; 2) filter paper thickness, since a hard, 
thick paper is usually preferred in the sandwich 
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technique; 3) impurities in the paper that may 
interfere in subsequent analytical procedures. (A 
filter paper blank is commonly run when micro- 
Kjeldahl determinations are called for.) 4) The 
interaction between the paper and the dye used 
which may lead to difficulties in the dye-elution 
technique, e.g., Eaton-Dikeman # 950 filter paper 
combines so strongly with bromphenol blue that 
the dye is eluted only with great difficulty. 

Although paper has been used as the stabilizer 
in over 95% of the published articles on ionog- 
raphy, the use of starch has been found to have 
certain advantages in special cases. The pioneer- 
ing work in determining the characteristics and 
potentialities of starch as a stabilizer has been 
done principally by Kunkel and his associates 
(24). One of the advantages claimed for starch 
is based on the lowered adsorption of serum 
proteins and lipoproteins as compared to paper. 
The technique, which includes both starch-block 
and column techniques, has found greater appli- 
cation in qualitative separations and small scale 
preparative procedures than in mobility deter- 
minations (24, 52-63). 

Protein fractionations have also been attained 
with agar as a stabilizer. The earliest reports 
appear to be those of Field, Teague and Buxton 
(64-66), in 1907, who made an investigation of 
such substances as antibodies, antigens, hemoly- 
sins, agglutinins, toxins and antitoxins. Modern 
papers dealing with the use of agar as a stabilizing 
agent for the ionographic fractionation of proteins 
include those of Davis et al. (67) and Gordon ed 
al. (68). 


LOCALIZATION AND QUANTITATIVE ANALYSIS 


To determine the location of the various zones 
on an ionogram occupied by the individual com- 
ponents of a mixture, a number of procedures 
have been developed. They include the following: 
the dye-elution method; direct photometric scan- 
ning by transmitted or reflected light; the use of 
fluorescence or absorption phenomena with re- 
spect to ultraviolet light; marking with radio- 
tracers or, in some cases, dyes; direct nitrogen or 
amino acid analysis of proteins, in which the 
staining procedure is eliminated and the protein 
is determined by micro-Kjeldahl, polarography 
or some common protein test (1). 
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the too-often apparent lack of understanding of 
the fundamental principles involved, it was in- 
evitable that a number of controversial issues 
should have arisen. Some of these will now be 
considered. 

Design of Apparatus. While each of the princi- 
pal designs of apparatus has been successfully 
applied in simple ionographic fractionations, some 
modifications possess inherent advantages when 
mobility determinations are to be made. Thus 
the ridgepole technique and the vertical tech- 
nique are less readily applicable to the deter- 
mination of mobilities than the other principal 
designs. 

Separation of Electrode Products From the 
Buffer Solution. An adequate separation of the 
electrode products from the buffer vessels ought 
now to be 2 part of standard practice, since 
anomalous results can so often be traced to this 
source. This separation may be accomplished by 
interposing simple agar-KCl salt bridges between 
the buffer vessels and the electrode vessels (11, 
12). In some cases the use of reversible electrodes 
may be advisable. Silver-silver chloride electrodes 
immersed in a 2.5 molar potassium chloride solu- 
tion and separated from the buffer vessels by 
the agar-KCl salt bridges are satisfactory for this 
purpose. 

Control of Evaporation. Although evaporation 
of solvent has actually been promoted in some 
instances as an aid in the empirical fractionation 


- of complex mixtures (21, 22), it is more customary 


to attempt to reduce it to a minimum in order to 
minimize nonreproducible chromatographic ef- 
fects. In the sandwich technique and solvent 
immersion techniques, the factor of evaporation 
of solvent is not difficult to deal with, although 
certain other limitations enter in to limit their 
general application. In any of the open-strip 
methods, the vapor-space can be held to a mini- 
mum, lowered temperatures may be used, and a 
combination of buffers of low ionic strength with 
an increased potential gradient may be resorted 
to. Where evaporation must be prevented alto- 
gether, glycerol, propylene glycol or similar sub- 
stances may be added to the buffer solution to 
lower its vapor pressure below that of the water 
in equilibrium with the same vapor space (43, 
69). Under these circumstances no net evapora- 
tion of water from the paper strip occurs and 





f ionog- 
the in- 


mobilities of migrants remain constant for many 


hours. 
Equilibration Time and Constant Water-to- 


que andgPaper Ratio. The electromigration velocity of 


migrant decreases practically to zero as the 


SIGNIFICANCE OF IONOGRAPHY 


737 


water-to-paper weight ratio (or more strictly, 
the weight ratio of buffer solution to paper) 
approaches zero, and increases in magnitude up 
to the velocity in free-solution electrophoresis in 
the limit, as the water-to-paper ratio increases. 
Too often, insufficient time is allowed for equilib- 
rium conditions to be reached, i.e. for the attain- 
ment of a constant water-to-paper ratio, before 
applying the migrant. This situation may arise 
whatever the design of the apparatus. In the 
sandwich technique, the water-to-paper ratio is 
affected by an additional variable, namely, the 
pressure with which the plates are pressed to- 
gether. If simple spring clamps are used for this 
purpose, the ratio of buffer solution to paper 
may vary from point to point throughout the 
length and breadth of the paper filler.. Under 
such circumstances, mobility measurements are 
inaccurate and it may be difficult to duplicate 
the results of an experiment even though the 
same type of apparatus is used. 

Comparison of Schlieren and Optical Density 
Diagrams. The patterns obtained by means of 
the Schlieren method when used in conjunction 
with the moving-boundary apparatus, and those 
derived from transmission densitometer readings 
on ionograms, differ not only in degree but in 
kind (1, 44). When optical density is plotted 
against the distance of migration of the com- 
ponents of a colored mixture along an ionogram, 
a plot is obtained wherein the area under an 
individual peak is proportional to the amount of 
protein component under that peak. In the 
Schlieren pattern, on the other hand, when the 
change of concentration, C with respect to dis- 
tance, (i.e. dC/dX), is plotted against the dis- 
tance, x, the area under the curve is proportional 
to the concentration of the material present. 
Thus, although the curves from a complex mifx- 
ture such as blood plasma proteins may show a 
certain similarity in shape, no real correspond- 
ence is to be expected because of the intrinsic, 
fundamental difference in the nature of the two 
somewhat similar patterns. 

Area Under Peaks; Dropping Perpendiculars 
Versus Extending Curves to Baseline. A differ- 
ence of opinion among investigators in this field 
exists as to whether, in the determination of 
areas under the individual peaks of a curve (opti- 
cal density versus distance of migration along 
the ionogram), perpendiculars should be drawn 
downwards from the midpoints of the valleys or 
whether the curves should be extended, as shown 
in figure 2. That there is a difference between the 
two results cannot be argued. In the particular 
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case shown here, namely the alpha-2 globulin 
fraction of human plasma proteins, the difference 
amounts to 7.5%. If the goal is to obtain simple 
‘ratios’ between various constituents, then either 
treatment would seem satisfactory. However, in 
those instances where the actual amounts of in- 
dividual components are desired, it will readily 
become apparent on a little reflection that the 
drawing of perpendiculars from the valleys to the 
base-line can yield the correct result only when 
all the curves are of the same shape and size. 
Needless to say, integrators which incorporate 
this principle in the determnation of areas suffer 
from the same limitations. 

Constant Current Versus Constant Potential. 
The correct expression for field strength fér a 
system containing buffer and paper fiber is V /l 
or t/qa-Ky, which are equivalent. In these ex- 
pressions the meanings of the symbols are as 
follows: V is the voltage applied across the length 
of paper, / and 7 is the current flowing through 
the paper with an effectual cross-sectional area 
of ga, saturated with a buffer, and the specific 
conductivity of the paper-buffer system is K,. 
Since it is easier to measure the voltage drop 
across the strip, and the length of the paper strip 
from buffer surface to buffer surface, V/I is 
the most convenient expression to use for field 
strength. Even though i/q.-K, is equivalent to 
V/l, the former expression is not readily handled 
because of the difficulty involved in evaluating 
the quantity, q., that is, the effective cross-sec- 
tional area (1). 

In simple empirical fractionation experiments, 
it really doesn’t matter very much whether cur- 
rent or potential or both are held constant, if 
the range of variation is not too large. However, 
since ‘mobility’ represents the linear distance a 
particle moves in unit time per unit field strength, 
it is evident that in experiments involving the 
determination of ‘mobilities,’ the potential gra- 
dient must be kept constant so that the condi- 
tions for the definition of mobility may be ful- 
filled. It is hardly reasonable to hold current 
constant and let the potential gradient vary 
when calculating mobilities. It can only be held 
constant when it causes the potential gradient to 
be constant, that is, when the specific conduct- 
ance does not change. 

The potential gradient can, of course, be meas- 
ured directly only when the conductor is of uni- 
form corss-sectional area and hence of uniform 
resistance, a condition which can be attained in 
the proper design of ionographic experiments. If 
the specific conductance is not constant and 
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changes throughout the various regions of the 
strip, the true potential gradient cannot be ob- 
tained by dividing the potential across the strip 
by its length, and the ‘mobility’ of a migrant 
cannot be calculated under these circumstances, 

Relative Uptake of Dye and Purity of Dyes, 
It was shown rather early in the development of |: 
ionography that the distribution of dye between — | 
the separated protein fractions of blood was not f ¢ 
necessarily identical with the proportions of the J ¢ 
various proteins as determined by other methods, | ( 
Discrepancies can arise due to differences in the | € 
relative rate of uptake of dye as well as to dif- | _ 
ferences in the relative equilibrium amounts.Since | n 
it cannot be assumed that the uptake of dye bears [| a 
a similar or simple relationship to the concentra- | i 
tion of various protein fractions, it is necessary to 
resort to careful calibration procedures, based, for | g 
example, on nitrogen determinations, if intensity | st 
of color is to be used as an accurate guide to the J. ti 
absolute amounts of protein fractions on an ion- | al 
ogram. With reasonable care the inadequacies of | m 
present staining techniques can be reduced to a | be 
level where the applicability of ionography to the | tr 
majority of problems met in the clinical chemical } fre 
laboratory is not restricted to any appreciable J of 
extent. un 

The variability in purity of similar dyes be-{ she 
tween various batches from the same source,§ tio 
and between lots from different sources, is also 
a factor which has led to much confusiow in thef dar 
literature. Despite a claim made by an author], itie 
for good staining ability and contrast for a par-] exis 
ticular dye, workers in another laboratory have} suc 
not always been able to achieve satisfactory re-{ buf 
sults, due, apparently, in many cases to the fact} ture 
that the dyes were purchased from different} and 
sources. The chromatographic analyses of lipid] (1, | 
stains, as discussed in a later part of this paper,| ence 
has revealed the fact that they generally contain} ing 
many components. In the case of Sudan black B,J ness 
for example, the dye contained several differently} sepa 
colored substances, only one of which appeared] ing 
to stain lipids. evap 

Electroosmosis. It has been pointed out many] cedu 
times that in electromigration in stabilized media,| the | 
the mobility of positively charged ions might be} strip, 
expected to be increased while that of negatively} vario 
charged ions might be decreased, due to the} Mec 
phenomenon of electroosmosis. In the experi-| dia ai 
ments where mobility values are a concern, the} lower 
problem must be dealt with. It has been handled dition 
in two principal ways, namely, attempts have§ito rec 


been made to reduce the effects of electroosmosis 
to the status of a negligible factor, or attemptsi 
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have been made to measure the effect and to 
apply suitable correction factors. The attempts 
at reduction include the interposing of cellophane 
sheet barriers between the ends of the paper 
strips and that part of the strips which dip into 
the buffer solution. In this way the region of the 
strips through which electromigration is taking 
place is isolated from the effects of water shifts 
due to electroosmosis, while at the same time 
electrical conductivity is essentially unimpaired 
(70). Other investigators have found that if the 
electrodes are attached directly to the moist pa- 
per strips, in the sandwich technique, electroos- 
mosis is drastically reduced (71). Attempts have 
also been made to alter the charge on the cellu- 
lose fibers of the paper (72-75). 

The attempts at measuring electroosmosis are 
generally based on the use of easily detectable 
substances which exhibit a negligible native elec- 
tromigration tendency in free solution and which 
are not absorbed on the surfaces of the stabilizing 
medium. The movement of such substances has 
been taken as a measure of the extent of elec- 
troosmosis. This solution of the problem suffers 
from the fact that due to the screening effect 
of the stabilizer, the molecular shapes and vol- 
umes of the indicator and migrant materials 
should be closely alike if the so-called correc- 
tion factors are to be meaningful (1, 44). 

Mobility Relationships. Some of the more fun- 
damental aspects of ionography, as far as mobil- 
ities are concerned, include the relationships that 
exist between the movement of the migrant and 
such factors as time, potential gradient, px of the 
buffer solution and its ionic strength, tempera- 
ture, wetness, adsorption, nature of the paper 
and of the migrant and the role of electroosmosis 
(1, 44). The mobility of a migrant is also influ- 
enced by such factors as the method of support- 
ing and wetting the paper strips, the thorough- 
ness with which the electrode products are 
separated from the paper itself, capillary siphon- 
ing of liquid through the strip, the extent of 
evaporation of solvent from the paper, the pro- 
cedure adopted in drying the strip after a run, 
the point of application of the migrant to the 
strip, and the relative amounts of water held by 
various types of paper (1). 

Mobility values determined in stabilized me- 
dia are, under the usual experimental conditions, 
lower than those observed under comparable con- 
ditions in free solution, although it is possible 
to reduce the difference between the two sets of 
values to a negligible factor. If the ‘mobility’ of 
migrant is plotted against ‘time’ and an extra- 
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polation of the mobility to ‘zero time’ is made, 
it has been found, with bovine serum albumin, 
beta lactoglobulin and egg albumin as migrants, 
that the agreement with ‘free solution values’ is 
within experimental error. So-called ‘free-solu- 
tion mobilities’ for the same substances and also 
for bovine gamma globulin have been obtained 
by direct experiment (1). This was accomplished 
by working at low wattage values as regards the 
energy expenditure in the strips, with short strips 
(20 cm), at a temperature of 4°C, and at maxi- 
mum wetness values for the paper. 

A number of authors have described the devel- 
opment of conversion factors relating mobilities 
determined in stabilized and in non-stabilized 
media. These include Kunkel and Tiselius (3) 
Woods and Gillespie (76), and McDonald and 
co-workers (1). Although differing in the assump- 
tions made as to the factors responsible for the 
divergence in the raw mobility values obtained 
in stabilized and in non-stabilized media, the 
three different conversion factors suggested by 
these authors all appear to yield good agreement 
with free solution mobilities when applied to 
mobilities determined in stabilized media. This 
fact can be interpreted to mean that much is 
yet to be learned regarding electromigration in 
general. 

Photometric Scanning and Applicability of 
Beer’s' Law. Numerous ingenious arrangements 
for scanning paper ionograms have been de- 
scribed (1). The principal types would include 
a) transmission scanners, often coupled with 
transparentization of the ionograms with mix- 
tures of paraffin oils plus additives such as alpha 
bromonaphthalene; 6) reflectance scanners in- 
volving the measurement of light reflected from 
the surface of the dry ionograms; c) ultraviolet 
absorption techniques, where the materials com- 
prising the zones on the ionograms absorb in this 
region of the spectrum or are marked with ultra- 
violet-absorbing substances; d) infra-red absorp- 
tion techniques (77). The literature covering the 
application of Beer’s law to the scanning of iono- 
grams is quite controversial (1, 23), reflecting a 
need for continued careful experimental work in 
this area. 


CONTEMPORARY ADVANCES 


Very few scientific fields have developed as 
rapidly as that of ionography. As the quantita- 
tive character of the technique continues to be 
improved upon, the areas of controversy are be- 
ing narrowed, and new developments that extend 
the applications of the technique and, increase its 
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range are constantly being reported. Three such 
developments from the authors’ laboratory are 
reported below. 

A New Dying Procedure (Pre-staining) for 
Lipoproteins. During very recent years there has 
been an upsurge of interest shown in the study 
of lipoproteins, largely because of their implica- 
tion in the genesis of atherosclerosis. One of the 
most convenient ways of separating the alpha 
and beta lipoproteins from blood is to fractionate 
serum ionographically. In previous studies of 
lipids and lipoproteins by this method, in paper- 
stabilized electrolytes, the chief difficulties en- 
countered were in the inadequate staining of the 
lipoprotein bands, in the retention of the stain 
by the paper itself, and in the undue length of 
time often required for the staining process— 
sometimes a matter of several hours. By the new 
procedure described here, involving pre-staining 
of the lipids before application of the serum 
sample to the paper, these difficulties have been 
largely overcome. 

Stains which have been used for the detection 
of lipoproteins on ionograms include: Sudan black 
B (78, 79), acetylated Sudan black B (80, 81), 
Sudan III (82, 83), Sudan IV (84), oil red O (85), 
oil black (86), and combined Ciba blue (BZL)- 
Sudan black (87). 

The most favorable experience in this labora- 
tory with the conventional method of staining 
the ionograms (namely, after a run) was obtained 
with Sudan black B (78, 79) or so-called acety- 
lated Sudan black B (80, 81), which produce 
ionograms having dark blue bands corresponding 
to the areas covered by lipoproteins, against a 
light blue background. 

When preliminary experiments with paper 
chromatography using various solvent systems 
indicated that commercial Sudan black B (Hart- 
man-Leddon Co., NZb-5) was a multicomponent 
mixture, an attempt was made to isolate the 
staining component in order to obtain an im- 
proved stain. Using column chromatography with 
a celite-silicic acid packing, and petroleum ether 
(b.p. 30-60°C) as solvent, the column was washed 
down with the solvent for 40 hours at room tem- 
perature, under the stimulus of reduced pressure 
at the lower receiving end. Four major compo- 
nents were collected. On testing the ability of the 
various components to stain lipoproteins, it was 
found that this property was associated with only 
one of the fractions. When an absorption spectrum 
was run on this component, the region of maxi- 
mum absorption was found to be 595-605 milli- 
microns. This purified fraction of Sudan black B 
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still gave a colored background to the ionograms | th 
when used in the conventional way. ac 

Casselman has reported the use of acetylated | B 
Sudan black B as a stain for lipids on paper | sp 
chromatograms (80). The procedure for the prep- | nif 
aration of the acetylated Sudan black B is de- | yls 
scribed by Lillie and Burtner (81), who used it 
as a histochemical reagent. Briefly, the procedure | Be 
is as follows: Two grams of Sudan black B are | ing 
added to 60 milliliters of pyridine and 40 milli- | ser 
liters of acetic anhydride, and the mixture is | to. 
allowed to stand overnight. The dye is now pre- | ber 
cipitated from 3 liters of water, dried and dis- | pro 
solved in acetone. yiel 

In using the acetylated Sudan black B to de- B 


velop ionograms with lipoprotein zones, the fol- | pres 
lowing staining procedure was employed. A sat- | befc 
urated solution of the dye in a 70% ethanol-water | mill 
mixture was heated to boiling, then allowed to { is ac 
cool before repeated filtration, first through No. | liter 
1 Whatman filter paper and subsequently through | Blac 
No. 42 Whatman. The paper strips were immersed { amo: 
in the staining solution at 40°C for a period of 20 | The 
minutes, then washed several times in 50% etha- and 
nol-water solutions. The acetylated dye produced [30m 
a deeper color in the lipoprotein zones of the fair 1 
ionograms and the background coloration was [apply 
lightened, but the result still left much to be | fine s 
desired. the s¢ 
The actual mechanism of the acetylation pro- § Some 
cedure is unknown. The structural formula for tube. 
Sudan black B is given by Conn (88) as: samp] 
' Fiv 
(N= ‘NeN N\ Hy [imine 
NCH, inch v 
The h 
Conn reports the corresponding empirical for- isi 





mula as CoH».N¢ (although if the starred nitrogen 
atoms are to be trivalent, CoH»N,g would seem § 
to agree with the structural formula he gives), 
and the molecular weight given (554.414) does 
not agree with either the structural or empirical 
formula. The acetylation could possibly take 
place at the positions indicated (*) on the struc- 
tural formula, but another possibility which can- 
not be overlooked is that the acetylation is [alpha g 
simply responsible for the removal of an impurity fusus 
in the dye and does not actually combine with [whi 
the Sudan black B molecule itself to alter its] Since 
structure. This latter view would seem to be inthe li 
supported by the following observations, al- Bno sn 
though any final decision on the matter must Biting t 
await a more thorough investigation. Prelimi- 
nary column chromatographic studies indicate 














1 Preci 





4 | September 1956 


1s | that the same major fractions are obtained with 
acetylated Sudan black B as with Sudan black 
d | B itself, and a comparison of the absorption 
er | spectra of the fractions did not reveal any sig- 
p- | nificant difference between the regular and acet- 
e- | ylated dyes. 

it It was at this point that McDonald and 
re | Bermes investigated the feasibility of prestain- 
re | ing the lipid and lipoportein fractions in the 
li- | serum before subjecting an aliquot of the sample 
is | to ionographic fractionation (89). After a num- 
re- | ber of preliminary experiments, the following 
jis- | procedure was worked out and was found to 
yield good results. 

Je- By the new procedure, the lipoproteins are 
‘ol- | prestained directly in the blood serum sample 
at- | before application to the paper, as follows: To 1 
ter | milliliter of blood serum in a small test tube there 
to { is added slowly (to avoid precipitation) 0.1 milli- 
No. | liter saturated solution of acetylated Sudan 


igh | Black B in 95% ethanol (or for smaller relative 
sed J amounts, the same 1-10 ratio of dye to serum). 
20 | The tube containing the serum is now shaken 
ha- and allowed to stand at room temperature for 


ced 130 minutes (although even 3-5 minutes will yield 
the {fair results). The excess alcohol is evaporated by 
was Japplying a suction to the tube and allowing a 


. be } fine stream of nitrogen (or air) to be pulled over 
the serum through a thinly-drawn capillary tube. 
Some of the dye may settle to the bottom of the 
tube. This may be removed by centriguging the 
sample and drawing off the liquid. ° 

Five microliters of the serum containing the 
stained lipoproteins is now applied from a micro- 
pipet to the filter paper (Whatman No. 1, 0.5 
inch width) as a streak across the paper ribbon. 
The horizontal open-strip method, employing the 
Precision Ionograph', was used in making the 
separations. The other experimental conditions 
generally used for optimal results were: veronal 
buffer; pH, 8.6; ionic strength 0.05; potential 
gradient 6 v/cm; atmosphere, water-saturated 
helium at 0-5°C, although runs in a simple wa- 
ter-saturated air atmosphere at room tempera- 
ture were also quite satisfactory. An adequate 
separation is obtained in 4-5 hours. Both the 
alpha and the beta lipoproteins migrate in the 
sual manner and appear as blue zones against a 
white background. 

Since the dye is apparently physically dissolved 
n the lipoproteins and is insoluble in water, there 

ho smearing of the colored zones. On investi- 
ting the ionographic behavior of Sudan black 
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B and acetylated Sudan black B in acetate and 
veronal buffer systems (40-80% propanol) it was 
observed that neither of the dyes showed any 
movement under the influence of an electric field. 
No dissociation or breakup of the colored ma- 
terials was evident, as is observed when serum 
proteins are prestained with bromphenol blue 
(90). This can be explained as follows: the Sudan 
black B apparently dissolves physically in the 
lipid-protein moiety, whereas the protein-bromo- 
phenol blue complex involves an ionic bond and 
an equilibrium which can be upset due to the 
leaking away of the bromophenol blue ions from 
the complex, under the influence of the electric 
field. Using the same technique except that the 
Sudan black B was replaced by Sudan III, Sudan 
IV and oil red O, the results were much less sat- 
isfactory. 

The new technique eliminates a long and tedi- 
ous staining procedure including washing of the 
ionogram, conserves rather costly reagents, and 
yields crisp, well-demarked zones which enable 
the relative amounts of alpha and beta-lipopro- 
teins to be determined more accurately than was 
formerly the case. 

Interaction Studies. In recent years as more 
biological processes have begun to be viewed on 
a molecular level, the significance of protein in- 
teraction studies has been extended. The results 
have aided in the elucidation of many biological 
functions of the proteins, including their action 
as transporting agents in the circulatory system, 
their role in enzymatic catalysis, and their effect 
on drug activity. 

There are, however, more immediate chemical 
and mechanistic consequences to be gathered 
from the study of the protein complex. Klotz 
(91) has enumerated the important purposes of 
interaction studies, as follows: /) A determina+ 
tion of the number of interacting molecules that 
are held by a given protein molecule, under spec- 
ified environmental conditions. 2) A determina- 
tion of the maximum number of sites on a protein 
molecule available to a given interacting species. 
3) A thermodynamic consideration of the strength 
of the bond between the protein and any given 
interacting species. 4) A quantitative statement 
as to the effect of the environment on the energy 
of combination. 5) Quantitative information on 
the structural characteristics of the interacting 
molecules which favor combination with the pro- 
tein. 6) A quantitative elucidation of the molecu- 
lar and configurational nature of the site on the 
protein at which a given species is bound. 

The value of moving-boundary procedures as 
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applied to protein-interaction studies has been 
demonstrated by Longsworth and MaclInnes, 
(92), by Alberty and Marvin (93) by Smith and 
Briggs (94) and by Yang and Foster (95). At- 
tempts at evaluation of the binding constants 
have been successful mainly in the case in which 
the rate of dissociation of the complexes is greater 
than the rate of electrophoretic resolution. 
Interaction studies using the ionographic tech- 
nique have been described by Spitzer and 
McDonald, who have been able to obtain quali- 
tative evidence of interaction using filter paper 
as the stabilizer (90). Equilibrium dialysis exper- 
iments were carried out using bovine serum albu- 
min (BSA) and bromphenol blue (BPB) in both 
a phosphate buffer (0.05m, px 7.4, 4°C), and a 
veronal buffer (0.05m, px 8.6, 4°C). Similar ex- 
periments were conducted using polyvinylpyr- 
rolidone (PVP) and bromphenol blue. The results 
of this work were applied to calibrate the iono- 
graphic method. Two ionographic procedures 
were employed to study these systems. In the 
first method, 2-15 lambdas of the migrants, 
either the BSA-BPB or PVP-BPB systems, were 
used. After the passage of current for a period 
of time long enough to separate some of the 
faster moving BPB but short enough to retain 
some of the equilibrium mixture, the strips were 
dried and subjected to a direct spectrophotomet- 
ric analysis (585 mu). An asymmetric pattern 
was found, representing separated bromphenol 
blue and the bromphenol blue in BSA-BPB or 
PVP-BPB equilibrium mixtures. Two blue zones 
of slightly different hue could be distinguished 
visually on the filter paper. It was observed that 
on prolonged passage of the current, the BPB 


could be separated completely from the albumin. 


This observation is of interest since many workers 
have used BPB in a mistaken attempt to ‘label’ 
the albumin of serum and tg follow its migration 
during the course of the experiment. 

Another ionographic procedure employed to 
demonstrate the formation of complexes involved 
the calculation of the ‘constituent mobility’ of a 
given compound. BSA, PVP or BPB complexes 
of these compounds were employed as migrants 
in BPB-buffer solutions. Electromigration of 
PVP or BSA in this medium ought to be char- 
acteristic of their complexes. Should their mobil- 
ities be different from those in non-BPB buffers, 
an indication of complexing is evident. Mobility 
measurements were obtained in phosphate buffer 
(pH 7.4, 0.05m) and in phosphate buffer (px 7.4, 
0.05m, 1.785 x 10-*m with respect to BPB). 
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It appeared evident that the BPB complexes |! 
of PVP and BSA have a greater net negative 
charge than the non-complexed species. That is, 
the mechanism of binding of BPB to either PVP 
or BSA is such that an increased negative charge 
is added to the colloidal species. PVP had its 
direction of movement reversed when the dye 
was introduced into the buffer solutions, thus 
moving to the anode. It was interesting to note 
the appearance of a white band that moved with 
a mobility greater than PVP, BSA, and BPB. 
This zone had a similar mobility regardless of 
the large molecular species that was used. 

Roth and Kallee (96, 97) have reported some- 
what similar interaction experiments. Amido 
black 10B, azorubin 8, or naphthol yellow were 
added to the buffer solution and the mixture was} 
used to moisten the filter paper strips. Albumin] 
was placed on the strips and allowed to migrate. 
A white zone on the strip was found in front off P° 
or behind the albumin, depending on the mobil- 
ity of the dye. In the interpretation of these ba 
occurrences it was suggested that the phenome. 
non might be dependent on the formation of 
albumin-dye complexes. 

Ionographic Isoelectric Separations. In a recent 
series of papers (98-100) Kolin has described the 
separation and concentration of a number of sub- 
stances in a pH-gradient field combined with a 
electric field to yield what he has termed ‘i 
electric spectra.’ The principle involved? is no 
unlike that used by Williams and Waterman 
(101, 102) except that the px gradient in Kolin’ 
U-shaped channel was continuous and semimicr 
in scale while that of Williams and Waterman 
was a step-wise proposition involving 14 compart 
ments filled with ampholytes in solutions of dif- 
ferent pH separated by parchment membranes. 
After a 60-hour run in the latter arrangement 
the concentration was found to be greatest in 
compartments having a pH nearest the isoelectric 
pH of the ampholyte. Kolin has achieved sepa 
rations of hemoglobin, cytochrome c; catalase 
etc. in a matter of minutes. 

The apparatus used by Kolin consists of the 
U-shaped cell of square cross section made from 
polymethacrylate. An acid buffer containing ftom 
enough sucrose to make it heavier than any An 
other liquids in the cell fills the bottom half 0 have 
the U. Basic buffer fills the top parts of the twq Sribe 
U-tube arms and the electrode wells which con id 
nect with the arms at the top. The density of buffer 
the suspension being investigated is adjusted t obtair 
a point intermediate between that of the acidig/wer 
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pes and basic buffer and is introduced between them 
tive | PY means of a long thin-nosed pipet, and the 
tis potential is then applied across the electrodes. 
PVP In the authors’ laboratory, the isoelectric tech- 
arge nique in electrophoretic analysis has been modi- 
1 4h fied and adapted to ionographic separations in 
ius both paper- and starch-stabilized media (103). 
thus’ How this is accomplished using paper-stabilized 
ile media can be explained by reference to figure 1. 
wit The frame in the apparatus is loaded with two 
BPR} paper strips separated by a spacing of about 4 
ss of} centimeters. One end portion of the strip which 
dips down into the buffer vessel is torn off each 
ones tae the two strips, leaving only one end of each 
tlie strip, at opposite ends of the frame, to make 
were) contact with the liquid in the buffer vessels. In 
owl buffer vessel, a solution 1 molar with respect 
uniia | ae both HCl and NaCl is placed, while in the 
grate, other, a solution 1 molar in NaOH and NaCl is 
ont off Poured. The paper strip in the acid solution is 
nobil-| 2/80 wetted with the acid, and the strip in the 
these basic solution, with the base. At right angles to 
nome-) the length of the strips in the frame, a short 
on off length of filter paper wetted simply with distilled 
water is placed so as to connect the longer paper 
recent} Strips electrically, in the form of a bridge, and 
ed the} the migrant is applied as a streak across the 
f sub-] Paper bridge at its midpoint. The potential is 
ith arg then applied. Since the main strips in the frame, 
1 ‘so§ being wetted with a strongly acidic or basic so- 
is no lution, are excellent electrical conductors, the 
erin larger portion, 90% or so, of the potential drop 
Kolins} Occurs across the narrow paper bridge. With 450 
imicrof Volts applied across the frame, a voltage drop of 
‘erman 2bout 400 volts occurs across the paper bridge, 
mpart- which may be 4 centimeters in length. Since the 
of dif] current is very low, evaporation is not a problem, 
branes. and under the impetus of 100 v/cm, a migrant 
zement such as bromophenol blue moves very rapidly 
test inj ward the positive pole—in this case the acid 
electri} Solution. At first the initial narrow zone widens 
A seps- out, but the front of the migrating zone soon 
atalase} Teaches a point beyond which it ceases to move 
and the tail of the zone moves up, resulting in a 
- of thd clean-cut line of high color intensity. The whole 
je fron} Process under the conditions described requires 
staining from 1.5 to 2 minutes. 
an any Amino acid mixtures as well as plasma proteins 
‘half of have been fractionated, under the conditions de- 
the twq Seribed above, and also with the use of citric 


ch con acid and sodium citrate as the acidic and basic 
nsity of buffer solutions, respectively. While the results 
usted t@Dtained with amino acid mixtures and other 
ve acidigower molecular weight materials such as bromo- 
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phenol blue are satisfactory, the fractionations of 
plasma proteins so far obtained are not nearly as 
clean-cut as obtained with the more traditional 
ionographic procedure. 

Future of the Technique. It was probably in- 
evitable, although unfortunate, that too large a 
fraction of the approximately 1000 papers which 
have been published on the technique of ionog- 
raphy report on investigations which were carried 
out without sufficient appreciation of, or atten- 
tion to, the fundamental principles underlying 
the technique. Because of this situation, a com- 
parison of the results from different laboratories 
is often invalid, due to the unknown extent of 
the deviations in experimental details in the dif- 
ferent laboratories. Anomalous results which arise 
from errors in technique rather than the prop- 
erties of the migrants can often be traced to the 
same cause. This chaotic situation is, fortunately, 
now being ironed out, as more and more workers 
become cognizant of the responsibility to reassess 
their experimental procedures and to incorporate 
the essential features which will make their re- 
ports meaningful. 

For clinical chemical problems where the ma- 
terial is limited, multiple analyses are required, 
and rapidity of analysis is of importance, ionog- 
graphy would seem made to order. On considera- 
tion of the rate at which the technique is cur- 
rently being adopted in various clinical chemical 
laboratories, and of the greater heed being paid 
to the fundamental principles involved, it can be 
said that the potential range of usefulness of 
ionography in the routine laboratory and in re- 
search is such as to place it in the very forefront 
of clinical laboratory procedures. 
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OBSERVATIONS ON ALDOSTERONE IN HUMAN URINE! 0 
Joun A. LUETSCHER, JR. AND Ropert H. Curtis . 

From the Department of Medicine, Stanford University School of Medicine, te 

San Francisco, California ; 

i 

: sTup1Es of Wintersteiner and Pfiffner (1), found in a fraction moving like cortisone on paper a 


Kendall and Mason (2), and Cartland and Kui- 
zenga (3) indicated that the amorphous fraction 
of adrenal cortical extract contained a hormone 
more active than any crystalline corticosteroid 
known at that time in maintaining life, growth, 
and electrolyte balance in adrenalectomized ani- 
mals. Only very small amounts of this highly 
active mineralocorticoid were present in a mix- 
ture containing large amounts of closely related 
compounds. Methods, which were then used so 
successfully to isolate other corticosteroids, re- 
sulted in loss of much of the biologically active 
material. New methods of measurement and frac- 
tionation contributed greatly to recent progress 
in this field. 

In 1947, Dorfman, Potts, and Feil (4) de- 
scribed a bioassay capable of detecting a few 
micrograms of desoxycorticosterone. In 1950, 
Deming, Johnson, and Luetscher, using a related 
bioassay, showed significantly increased sodium- 
retaining activity in urine extracts from edema- 
tous patients with nephrosis and heart failure (5). 
The high sodium-retaining activity fell when the 
patient improved and edema was eliminated (6). 
Hyman, working with adsorption columns, noted 
that the sodium-retaining corticoid was concen- 
trated in a fraction more polar than desoxy- 
corticosterone (7). In contrast with the consid- 
erable losses after adsorption on graphite or 
alumina, good recoveries were obtained after paper 
partition chromatography ‘in systems as de- 
veloped by Burton, Zaffaroni, Keutmann (8), 
and Bush (9). 

In 1952, Tait, Simpson, and Grundy described 
similar studies on adrenal cortical extract (10, 
11). Most of the mineralocorticoid activity was 


1 Work reported here was supported by a re- 
search grant (A-630) from the National Institute 
of Arthritis and Metabolic Diseases, and by a 
gift from the Smith, Kline, and French Founda- 
tion. 


chromatograms in toluene and propylene glycol. i, 
Simpson and Tait (12) prepared several milli. 
grams of purified material and described the aft 
unique properties of the new hormone, which was ils 
provisionally named electrocortin. In collabora- 
tion with Wettstein, Neher, v. Euw, Schindler "a 
and Reichstein (13), the substance was crystal- ] 
lized, was proved to be 18-oxo-corticosterone, and the 
was given the name, aldosterone. The 11,18 litt’ 
hemiacetal appears to be the natural form (fig. 1), to | 
Exchanges of information and material be- 
tween the groups at Stanford, the Middlesex 
Hospital, and the Ciba Research Laboratories (29 
indicated that the sodium-retaining corticoid of A 
urine behaved in all respects like aldosterone ive 
(14, 15). Both compounds showed the ultraviolet 
and infrared absorption spectrum and chemical fied 
reactions typical of a A‘-3-keto-steroid with the died 
a-ketol side chain. They could not be separated 
in any of several chromatographic systems; thei 
monoacetates and diacetates behaved similarly (2.5 
Oxidation with periodate gave in each» cise : dhs 
neutral steroid of similar properties. If th 
From a concentrate of highly active, amor 
phous material from urine of a patient with in ide 
nephrosis, Neher and Wettstein obtained a gool funct 
yield of crystals identical in all respects with au tite 
thentic aldosterone. The melting point was thé per di 
same, and mixed melting point showed no de : 
pression. The infrared spectra of the free con; es. 
pound and of the diacetate were identical (If beetiv 
17). It seems very probable that the material 0 sis. O1 
similar chromatographic and pharmacologic prop Rove 
erties, found in the urine of normal men an child 1 
various patients, is also aldosterone. 
The great biological activity of aldosterone ant ee un 
its low concentration in body fluids have cause ; bine 
most workers to use a bioassay, in spite of i leeved 
obvious deficiencies (18-22). At present, this ‘ 
the only method capable of measuring aldosteronf 2 Th¢ 


in urine of normal men (23). When larger amount{and D 
possib] 
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are present in urine, it is possible to use a two- 
step chromatographic separation with a physical 
or chemical method sensitive enough to detect 
the amount of aldosterone present (14, 24). 

Doses of the order of 0.1 microgram of aldos- 
terone significantly reduce sodium excretion in 
adrenalectomized rats under controlled condi- 
tions (18-22). Somewhat larger doses increase the 
excretion of potassium. There is little effect on 
water excretion at these levels (25, 26), but doses 
between 12 and 60 micrograms improve renal 
function and combat water intoxication in rats 
after adrenalectomy (27). Such large doses may 
also simulate some effects of cortisone or hydro- 
cortisone (28), but no anti-inflammatory activity 
has been observed (29-31). 

In man, Kekwick, Mach, Prunty, Thorn, and 
their co-workers (32-35) have shown that as 
little as 100 micrograms per day may be beneficial 
to patients with Addison’s disease. Larger doses 
cause some sodium and water retention in normal 
man or in patients with rheumatoid arthritis 
(29, 35). 

A small fraction of the aldosterone adminis- 
tered to two patients with adrenal insufficiency 
was recovered from the urine.? Urine was acidi- 
fied to pH 1.0 and extracted with chloroform im- 
mediately and again after 24 hours. In urine of 
one adult patient, a total of 9.4 micrograms was 
found: this was less than 0.4% of the aldosterone 
(2.5 mg) given intramuscularly in aqueous solu- 
tion during the 2-day period of urine collection. 
If the same rate of recovery of endogenous aldos- 
terone is assumed to occur in extracts prepared 
in identical fashion from urine of patients with a 
functioning adrenal cortex, it would indicate a 
rate of secretion of aldosterone near 1 milligram 
per day in normal adults, increasing to 3-4 milli- 
grams per day during sodium deprivation, and to 
more than 10 milligrams per day in severe con- 
gestive heart failure, hepatic cirrhosis, or nephro- 
sis. Obviously, much more experience with such 
recovery experiments must be sought. When a 
child was given aldosterone in the same vehicle, 
site, and frequency, but in a much larger dose 
per unit of body weight (600 ug/2.7 kg in 2 days), 
a much higher rate of recovery (4.4%) was ob- 
served. 





The authors are indebted to Dr. G. W. Thorn 
and Dr. L. Wilkins for making these studies 
possible. 
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The level of aldosterone in blood of normal 
men is so low that very large blood samples are 
required (36). A considerable diurnal variation is 
seen (fig. 2) in the output of aldosterone in urine 
of normal men and women; and the timing of the 
cycle varies in different subjects, as Venning has 
also observed (37). The aldosterone content of 
24-hour urine collections has been quite consist- 
ent in each individual despite variations in urine 
output, so long as the electrolyte intake and state » 
of hydration are constant. Even in cases with 
marked, chronic impairment of renal function, 
the daily output of aldosterone is usually normal 
so long as the circulation and hydration are not 
disturbed. 

Axelrad, Cates, Johnson, and Luetscher (38) 
found that acidification to px 1.0 for 24 hours 
liberated sufficient aldosterone from urine of nor- 
mal men to allow accurate determination. As the 
aldosterone content of urine increased during 
sodium deprivation or disease, considerable quan- 
tities of aldosterone were also found in extracts 
made from urine immediately after acidification 
to pH 1 and in urine incubated with 8-glucuroni- 
dase. Venning, Genest, and their co-workers have 
made similar observations (39, 40). 

Normal adults excrete 1 to 3 micrograms of 
aldosterone each day (23). Children show slightly 
smaller output. Aldosterone is not found in the 
urine of patients with Addison’s disease, or after 
bilateral adrenalectomy, but most patients with 
hypopituitarism or hypophysectomy excrete nor- 
mal amounts of aldosterone. 

It is not possible at this time to make a final 
assessment of the effect of corticotropin (ACTH) 
on aldosterone output. Neither Venning (40) nor 
Axelrad (41) found significant changes after large 
doses of ACTH in normal men. Some patients 
under treatment with ACTH show increases ot 





11,18- HEMIACE TAL 


I8- ALDEHYDO- 
CORTICOSTERONE 


Fic. 1. Structure of aldosterone. 
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decreases in aldosterone excretion, which may be 
related to effects on their disease. For example, 
when a patient with nephrosis receives ACTH 
for 1-2 weeks, there is first an increase and later 
a decrease in aldosterone output, which can be 
correlated with changes in sodium balance (6). 

In addition to possible effects on aldosterone 
output, ACTH may stimulate the secretion of 
unidentified material which increases diuresis and 
sodium excretion in the bioassay (42). Normal 
men excrete small amounts of material with simi- 
lar activity (43, 44). The existence of an antago- 
nist to desoxycorticosterone has been postulated 
to explain sodium loss during ACTH administra- 
tion in children with adrenal virilism (45). The 
presence of an antagonist to aldosterone might 
explain our unexpected finding of normal levels 
of aldosterone in urine of some children with the 
sodium-losing syndrome associated with congeni- 
tal adrenal hyperplasia. 

There is general agreement on the high level of 
sodium-retaining activity in the urine of patients 
with the nephrotic syndrome, heart failure, he- 
patic cirrhosis, and toxemia of pregnancy (5-7, 
14, 24, 38, 42, 46-54). In each of these diseases, 
the sodium-retaining factor has the typical chro- 
matographic and pharmacologic properties of al- 
dosterone (38). The quantity of aldosterone found 
in the urine is inversely correlated with sodium 
output (53, 54). In each disease, increased aldos- 
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Fic. 2. Diurnal variation of aldosterone in 
urine of three normal subjects. A cycle differing 
from that of 17-hydroxy-corticoids (StLBER AND 
Porter. J. Biol. Chem. 210: 923, 1954) and 17- 
ketosteroids is shown. 
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terone output and accumulation of edema reflect 
exacerbation of the underlying disease, but the 
mechanism of increased secretion or decreased 
inactivation (55-57) remains uncertain. 

Restriction of sodium intake is followed by in- 
creased aldosterone output, which mirrors the 
fall in urine sodium (58). Sodium loading, result- 
ing in output of sodium of over 500 milliequiva- 
lents per day, is followed by disappearance of 
measurable aldosterone from urine. Observations 
on five normal men and women, whose diets were 
held constant except for variations in sodium 
intake, are shown in figure 3. The inverse corre- 
lation between urine sodium and aldosterone is 
evident. 

Large changes in potassium intake may also 
affect aldosterone output. Singer and Stack- 
Dunne (59) found that after potassium depletion, 
secretion of aldosterone by the rat adrenal was 
diminished. In patients, depletion sufficient to} fF, 
lower the serum potassium to 1.5-2.5 mEq/l. fsodiu 
may be associated with marked reduction in Jintak 
aldosterone in urine. When depletion of potas- 
sium, sodium, and water occurs simultaneously, 
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aldosterone in urine may be increased. In normal ie 
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man, increased potassium intake (100 mEq KC 
added to daily intake) is followed by diuresis, 
sodium loss, and a considerable rise in urine 

aldosterone (54). = 

These observations suggest that the effect o 

potassium on aldosterone is opposite to that off. ‘ 
sodium, and that interaction may be important...” ™ 
Data from five normal men and women on in-f 
takes varying widely in sodium and potassium[, lic 
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show that the quantity of aldosterone extracted “ond 


from urine may be satisfactorily correlated withf~ 
potassium to sodium ratio in that same collection 
of urine (fig. 4). Since both man and the rat re-[ he 
spond to exogenous aldosterone with increased 
urine K/Na ratio (15, 22), the observed correla-[ 
tion between urine aldosterone and urine K/Na - f 
ratio adds further support to the hypothesis that[” 
the quantity of active hormone extracted from 
urine reflects the effective level of aldosterone inf Aldos 
the body. ng and 
Recently, Conn, Mader, and Iseri (60, 61) havep@?enal 
reported cases with adrenal tumor secreting largef*tetio 
amounts of aldosterone. Similar findings havepluitar 
been attributed to ‘potassium-losing nephritis fcorti: 
which may be associated with excessive produc Aldos 
tion of aldosterone (62, 63). These patients showpilect t 
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uci tetany of skeletal muscle, and abnormalities of 
ardiac and renal function related to potassium 
ot a depletion (64-67). These cases represent a new 
a is of adrenal cortical tumor, which differ from 
hand he adrenogenital syndrome and Cushing’s syn- 


drome in the chief hormone secreted, in meta- 
bolic pattern, and in clinical manifestations. 
Some overlap may occur between ‘primary aldos- 
eronism’ and Cushing’s syndrome, in which in- 
reased amounts of aldosterone sometimes occur. 
urthermore, the possible role of corticosterone in 
‘ primary aldosteronism’ needs further investiga- 
orelll on, since increased amounts of corticosterone 
KIN vere found in the tumor in Mader and Iseri’s 
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1 from SUMMARY 
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phritis'f ortisone and adrenal androgen. 

produc Aldosterone output in urine is considered to 

ts showfuect the circulating level of active hormone. 


749 





g 


is. Fig. 4 


: 


> 
3 
n 


8 
] 


ug. DCA EQUIVALENT PER DAY 
3 8 
| i 




















bat T t ' A T Ul 


T U 
Ou 02 03 05 10 §=62.0 3.0 50 00 20.0 


URINE POTASSIUM/ SODIUM RATIO 


Fic. 4. Relationship between output of aldo- 
sterone and potassium to sodium ratio in urine of 
normal subjects on different intakes of sodium 
and potassium. 


Three general clinical patterns are associated with 
significant changes in aldosterone output: 1) Al- 
terations of dietary sodium and potassium in 
normal men are followed by changes in aldos- 
terone output which suggest a homeostatic re- 
sponse. 2) Exacerbation of heart failure, nephrotic 
syndrome, hepatic cirrhosis, or toxemia of preg- 
nancy is associated with increased aldosterone 
output and retention of an excess of sodium and 
water by the kidneys. These phenomena are pre- 
sumably secondary to the underlying disease, 
and the response to aldosterone must be condi- 
tioned by other physiological disturbances. 3) In 
Addison’s disease or after bilateral adrenalec- 
tomy, aldosterone is not found in urine. Adrenal 
cortical tumors which secrete large quantities of* 
aldosterone may lead to severe potassium deple- 
tion and alkalosis, with resulting functional and 
anatomical changes in skeletal and cardiac mus- 
cle and in the kidneys. 
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Bias DEUTERIUM in experiments with rats, 
Waelsch, Sperry and Stoyanoff (1) observed that 
besides labeled cholesterol other substances oc- 
cur in the non-saponifiable lipoids which have a 
higher isotope content than the cholesterol. They 
believed these substances to be alcohols and pre- 
cursors of fatty acids. Schwenk and Werthessen 
(2) perfused acetate-C™“ through pig livers and 
found similar results. 

The substances accompanying cholesterol in 
such experiments may belong to the following 
groups: /) Precursors formed from acetate but 
not completely used up in the biosynthetic proc- 
ess, because of the steady-state nature of the bio- 
synthesis of cholesterol in animals. They reveal 
their nature as precursors by being converted to 
cholesterol when they are isolated and fed to the 
animal and usually show a higher specific activ- 
ity than the end product. 2) Substances derived 
from cholesterol by enzymatic or chemical reac- 
tions, like oxidation with’ oxygen circulating in 
the blood. 3) Substances which are endpoints of 
biosynthesis like cholesterol itself. The experi- 
ments show that all these are encountered. 

Figure 1 demonstrates the results of the per- 
fusion of pig livers with acetate-C™ (3). After 
perfusion, liver was hydrolyzed with alkali and 


1San Francisco, California, April 14, 1955. 
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extracted with pentane, the fatty acids were then 
carefully eliminated and the residue of the per- 
tane solution obtained in dry form. It consisted 
of the non-saponifiable lipoids, with a specific 
count of 848, which among other substances in- 
cluded the synthesized cholesterol. For the total 
of the radioactive substances which accompany 
cholesterol-C in these non-saponifiable lipoids 
the name ‘higher counting companions’ (HCC 
was suggested. When this material was precip 
tated with digitonin, cholesterol-C" of,a specif 
count of 745 was obtained from the digitonid 
The mother liquors from this precipitation still’ 
contained most of the HCC and a large part df 
the radioactivity. Recrystallization of the crud 
cholesterol obtained from the digitonide readil 
gave a substance of customary purity as show 
by melting point, rotation, and infrared spec 
trum. Further recrystallizations, acetylation ant 
chromatography did not change these properties 
but the specific activity of this substance ¢ 
creased with each purification step. This wi 
caused by the presence of higher counting sul 
stances which were not eliminated by the no 
purification procedures. Only dibromination a 
reconversion gave a cholesterol with a constaml 
specific activity of 435, much lower than befor 
which did not change even when the brominati 
procedure was repeated. 

The digitonin precipitation revealed the pre 
ence in the HCC of a fraction (digitonin-precipf Chro 
table HCC) which is not cholesterol but is prec al 
pitable with digitonin suggesting that this pa 
of the HCC may be of sterol nature (2). 
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n-precip Chromatography on alumina of the non-sa- activity. The next eluates still with pentane, 
t is prec ifiable lipoids separated them into several however, had a high specific count. After rechro- 
this pagections, Pentane first eluted partly crystallizing matographing, the colorlessoily hydrocarbon gave 

drocarbons of the Cys series with no radio- a solid hydrochloride. Analysis and infrared spec- 
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trum of the hydrocarbon and the hydrochloride 
were identical with that of purified standard 
squalene and its hexahydrochloride. This frac- 
tion therefore consisted of squalene with a high 
specific count. It gave cholesterol-C™ after feed- 
ing to rats (3) as shown previously by Langdon 
and Bloch (4). Benzene, ether and methanol gave 
other fractions which after careful elimination of 
cholesterol and feeding to rats, were also con- 
verted to cholesterol-C“ in good yields. They 
must have contained therefore precursors of this 
substance other than squalene (3). 

An investigation of the alkaline hydrolysate of 
yeast, after incubation with C"-acetate, gave 
similar results (5). Figure 2 shows that the sterols 
(in this case a mixture containing mainly ergos- 
terol) were accompanied in the non-saponifiable 
lipoids by substances, which, like the HCC in the 
liver experiment, had a higher specific count than 
the ergosterol itself. Chromatography on alumina 
revealed a distribution of fractions similar to that 
found for the liver material. The pentane fraction 
was again squalene of high count and high purity. 
Feeding of all fractions to rats gave, however, 
cholesterol-C“ and not ergosterol into which 
these same fractions would have been converted 
by yeast. It follows from this that at least some 
of the precursors between acetic acid and the 
sterols in the animal and in the plant are identical 
and interchangeable; an interesting correlation 
between animal and plant. 

The sterol mixture obtained by digitonin pre- 
cipitation from the yeast lipoids had a specific 
count of 270. Several recrystallizations gave er- 
gosterol, but the count changed with each opera- 
tion. Only after acetylation and further recrys- 
tallization the count had fallen to 170 and the 
small amount of substance did not allow further 
purification. From the combined mother liquors 
the remaining ergosterol was eliminated by treat- 
ment with maleic anhydride, as an adduct from 
which ergosterol has not yet been reclaimed in 
pure form. That part of the material which had 
not reacted with maleic anhydride was once more 
precipitated with digitonin and after decomposi- 
tion of the digitonide, recrystallized several times 
from methanol. A pure substance was obtained; 
infrared spectrum, melting point, and rotation 
proved it to be identical with an authentic sam- 
ple of zymosterol. The count of this substance 
was 350, at least twice that of the ergosterol. The 
mother liquor of zymosterol gave material of 
questionable purity but still counting higher than 
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the ergosterol. It may have contained crypto. 
sterol also known as A*,A*-lanostadienol-3 (6) 
identical with one of the components of lanos. 
terol in wool fat. 

Both zymosterol and cryptosterol were isolated 
previously as companions of ergosterol in yeast, 
and Ruzicka (7) has recently suggested these two 
substances as direct precursors of cholestercl, 
Squalene, C3oH50, formed from acetate, might be 
condensed according to Woodward and Bloch (8) 
to A’ ,A*-lanostadienol-3, C3o0HsO which may 
loose three methyl groups to give zymoster 
CxzH,,0O. This substance contains two doubk 
bonds in the same positions as in the lanosta. 
dienol. Cholesterol may be derived from it by 
hydrogenation of the A* double bond and moving}; 
of the other double bond to the A‘ position.’ 
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The fact that in the yeast experiment zymos om 
TO 


terol had about twice the count of ergosterol supf 
ports Ruzicka’s suggestion. Indeed, when zymosf.- ual 
terol with a specific count of 1400, obtained if.’ 
another yeast experiment, was administered t#, ” he 
rats intravenously and by stomach tube, ¢hole h 
terol-C™ was isolated in considerable yields (1!)[". 
Zymosterol, therefore, can serve as a direct prf— 
cursor of cholesterol in its biosynthesis. able ) 

In all experiments on the biosynthesis of cho- eo 
lesterol from acetate a large part of C™ was in [a 
corporated into fatty and water soluble acid 
For instance, when rats were injected with ( ’ a 
acetate and the specific radioactivity of the fatty’ a 
acid fractions was determined after varying tim§° 
intervals in different tissues, maxima of incof 
poration were observed in the first 30 minuteg sh 
after injection (12). Beekman et al. (13) sever mest 
years ago had the same experience in experiment ; 
with mice and frogs. The maxima of the fatt bi ” 
acid counts coincided with maxima of counts if -"° 
the cholesterol of these tissues, suggesting a P|. p,., 
sible relationship of the two facts. When tifhy) o, 
methyl or ethyl esters of these acids were fraf a t 

































’ That the A* double bond may be moved in thf. Th 
lanosterol series to the A’ position was shown byfeusse 
Ruzicka et al. (9; cf. 10). at ¢ 
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mosta: Fig. 4 
| it by 
mOvingltionated in vacuo the lower boiling fractions 180- A.HUMAN BLOOD ’ er ae 
n.* —_1999°/0.3 mm had about three times the count of a i ; 
the stearic acid which was isolated from the high- ee ted 
st boiling fractions. Feeding experiments with . Saar 
pr injection of the low boiling esters or the corre- ith ne 
ponding sodium salts however gave not more "i? rie! ameaaa . te n 
an traces of cholesterol-C'.4 
The facts known about the conversion of ace- n 
ate into sterols may be presented as in figure 4. week Jrmwnn cas ieee 
Acetate is first converted into acids with four |, yf, 
sya 0 six carbon atoms as recently shown by several -< j 
rol up ps (compare other papers in this symposium). Zz) i a iain 
squalene appears to be an identifiable interme- £ ©+».—— r n 
ZVMOS.. : : a 15 30 =660 150 300 
.” , .miate, although it may not be a direct precursor ,, MINUTES 
cred tg Cholesterol (14). The fractions of the HCC 5 ; 
hole thich are eluted with benzene, ether and metha- 3 | © PIG LIVER PERFUSION 
! ds (1), from the alumina column have not yet yielded ¥Y K » 
3 Hefined substances. From the digitonin precipi- } 2000 P “Ss Pid Lia : 


ect pre able HCC 3,5-dihydroxy-6-ketocholestane was 


tal reviously obtained (15). It seems probable that 
was inf ™ derived from cholesterol after its biosyn- 
© acid because it had the same count as this sub- 
ith cugenee- 7-Ketocholesterol and at least one other 
he fateh alcohol were recently obtained from this 
. action (11). In the digitonin precipitable HCC 


saw dial 
r pies me would also expect to find zymosterol which 

minal yas shown above to be a possible precursor of 
) sever holesterol and A® ,A*4-lanostadienol-3 reported as 


erimengee aor by Drs. Bloch and Clayton during 
he fatty lis meeting. 7-Dehydrocholesterol and A’-cho- 


-pstenol may also be found in this fraction. 

ounts Il 

16 4 P| ‘Feeding or injecting the sodium salt or the 

‘hen ti@hyl ester of geranic acid CyoHisO2 labeled with 

ere fra(f‘in the carboxyl group and prepared for us by 
.M. Gut of this Institute gave no cholesterol- 

ed in th. The water soluble acids in the experiments 

hown b¥eussed, possibly containing acids with less than 

ht carbon atoms, have not yet been in- 

tigated. 
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The digitonin precipitable HCC are useful 
tools in the study of the biosynthesis of choles- 
terol, as shown in figure 5. (11) 

When human, pig or rat blood is incubated 
with labeled acetate, cholesterol is synthesized in 
small amounts. In time experiments as presented 
in Curve A it can be seen that digitonin precipita- 
ble HCC are formed and that their specific counts 
decline with time while the specific counts of 
cholesterol increase. A similar picture is obtained 
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in time experiments with rat liver slices, Curve 
B,‘ and in pig liver perfusions, Curve C. 

In intact animals a more complicated situation 
was encountered because of the very different 
patterns of biosynthesis in different tissues and 
in divers species (12). However, from rats and 
guinea pigs HCC were collected and fractionated 
and after elimination of squalene and cholesterol 
fed to rats. Cholesterol-C™ was obtained in good 
yields, thus proving that also in the intact animal 
as in perfused livers and in yeast precursors of 
cholesterol are present in the HCC. 


Acknowledgment is made to Mr. D. Stevens 
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Bs ccser work in our own, and the laboratories 
of the participants in this symposium (1-6) has 
grved to outline the following sequence of reac- 
tions by which branched chain fatty acids such 
488 ,8-dimethy] acrylic acid, 6-hydroxy isovaleric 
j and B-hydroxy-6-methyl] glutaric acids are syn- 
thesized : 


ScHEME 1 


Oo 


I 
l, 2 CH,-COS-CoA-»CH3-C-CH,COOH 


ACETYL CoA ACETOACETIC 
ACID 


OH 


ACETYL 


), ACETOACETIC 4 | 
: CoA <=>» CH3-C-CH,-COOH 


ACID 
CHp 


| 
COOH 


4 -OH-4-METHYL 
GLUTARIC ACID 
(HMG) 


OH 


CHs 
C*C-COOH 


CH3 


-co CH -H20 
C-CH, -COOH——> 


CH3 


3, HMG 


4,A-DIMETHYL 
ACRILIC ACID 


4-HYDROXY 
ISOVALERIC ACID 








In this and succeeding schemes the acids are 
mitten in the free form, although it is realized 
hat beyond acetyl CoA the acids are activated 
i the form of some acyl derivative such as an 
SH group derivative. In our laboratory we have 
en interested in the various pathways by which 
-hydroxy-G-methy] glutaric is synthesized and 
lave attempted to assess their roles. There are 
veral questions concerning this scheme about 
hich there is no conclusive evidence, and upon 
hich, some light may be thrown in this sym- 
sium. 


‘These studies were aided by grants from the 
fe Insurance Medical Research Fund and the 
isabeth Severance Prentiss Fund of Western 
serve University. 
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BIOSYNTHESIS OF BRANCHED CHAIN ACIDS'! 


Harry RupNEY AND Tispor G. FARKAS 


From the Department of Biochemistry, Western Reserve University School of Medicine, 
Cleveland, Ohio 


1) Is the four carbon acceptor for acetyl CoA 
in reaction 2 above free acetoacetic acid or aceto- 
acetyl CoA? 

2) What role does the CO, fixation reaction of 
Bachawat et al. (7) play in the synthesis of 
HMG?? 

3) Has it been shown that the formation of a 
five carbon branched chain fatty acid according 
to Scheme 2 does not occur? 


ScHEME 2 


; 
2-CH3- -O-S-CoA= CH3-C-CH2-COOH CH3-C-CH3 
CH3 


> C-CH2-COOH 
CH3 


OH 
+ CH3-C-OH—> 


In this scheme the possibility is considered that 
some activated form of acetone derived from 
acetoacetate may condense with an acetyl deriv- 
ative via the carbonyl group of acetone to form 
hydroxyisovaleric acid. This pathway represents 
a slight modification of that of Bonner and Ar- 
reguin (8). 

4) What is the nature of the first condensation 
product of the five carbon unit on the pathway 
to squalene? 

§) Finally, is CoA the cofactor involved in the 
subsequent steps after the activation of acetice 
and acetoacetic acid? 

We have been able to obtain evidence con- 
cerning question 2 which shows that the synthe- 
sis of HMG is independent of CO, fixation and 
which indicates that the decarboxylation of 
HMG may be a different reaction from that in- 
volving the fixation of COs. 

We have been studying a system which brings 
about the incorporation of labeled acetate into 
HMG, HIV, and B-OH-B. These compounds are 


* The following abbreviations are used: HMG = 
B-hydroxy-8-methyl glutaric acid; HIV B- 
hydroxyisovaleric acid; 8-OH—B = §-hydroxy- 
butyric acid; CoA = coenzyme A; DMA = 8,8- 
dimethyl] acrylic acid. 
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TABLE 1 

Homogenate Soluble Extract 

1 2 3 o 
NaHCO; NaHCO; | NaHC“O; | NaHCO: 
+ CHs CH; CH: C4Hs3 
COONa COONa COONa COONa 

cpm 

HMG 66 660 trace 1900 
HIV 41 1,060 trace 9400 
B-OH-B| 3500 20, 000 trace 2600 

















Each flask contained DPN 2.5 mg, ATP 2.5 
mg, HMG 50 um, HIV 50 um, DMA 50 uo plus 
the following additions: Flask 1, 17.0 ml homo- 
genate prep. + 20 wm NaHC“O; + 10 yum 
CH;COONa; Flask 2, 17.0 ml homogenate prep. 
+ 20 um NaHCO; + 10 um C4H;COONA; Flask 3, 
14.0 ml soluble prep. + 20 um NaHCO; + 10 
um CH;COONa; Flask 4, 14.0 ml soluble prep. + 
20 um NaHCO; + 10 um C*H;COONa. 

Specific activity of NaHC"*O;, 10 X 10° cpm/ 
um; Specific activity of C'4H;COONa, 5.5 X 104 
cpm/pM. 

Incubated for 2.5 hr. in O2 at 38°C. After in- 
cubation, and alkaline treatment (1, 2) HMG, 
HIV and 6-OH-B were added as carrier and re- 
isolated. DMA was not reisolated in this experi- 
ment. Counts are expressed as total counts 
present in the respective compounds. ‘Trace’— 
indicates a counting rate of 1-2 counts above 
background and hence not considered to be 
significant. 


readily isolated for analysis by a sequence of ion 
exchange and partition chromatographic proce- 
dures. The following experiment was performed. 
Labeled acetate and unlabeled bicarbonate, and 
labeled bicarbonate and unlabeled acetate, were 
incubated with the required cofactors with two 
preparations capable of forming branched chain 
acids, one being a homogenate system (9) and 
the other a water-soluble preparation (9). After 
incubation the total counts incorporated into 
each acid were determined. It is assumed here 
that 6-OH-B reflects the pattern of labeling in 
acetoacetic acid. Table 1 shows the results ob- 
tained in a representative experiment. These re- 
sults show that in the homogenate preparation 
CO, fixation occurs mostly into B-OH-B and to a 


CH3 CH3 CH3 

bee ' ' 

ae ee C-CHy 

3 2 
SQUALENE 


CH3 CH3 


> cxc-c-C-b«C-COOH 
Ci, 


GERANIC ACID 
Fia, 1 
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small but significant extent into HMG and HIV. ] 
Degradation of the 8-OH-B revealed the isotope | nat 
to be located solely in the carboxyl group. In the fron 
water-soluble preparation the CO, fixation reac- 
tion is essentially abolished since only a trace of 
CO, appears in the HMG, HIV, and 6-OH-B, 
These results offer support for the postulate of star 
Bachawat et al. (7) that CO, fixation into aceto- oid 
acetic acid is dependent upon fixation into HMG,f, sl 
since when it is abolished in HMG it is also abol- 
ished in 6-OH-B. It will be noted however, that} g 
although CO, fixation ceases in the water-soluble 
preparation, the formation of HIV and HMG 
from acetate is unimpaired. This indicates that }gy 

the decarboxylation of HMG to HIV is a different } The, 
reaction from the CO: incorporation into HMG, iis 
or that the position of equilibrium under the con- fygn, 
ditions used in the soluble enzyme experiments is ff jo 
far toward de-carboxylation of HMG. Furthe fia, 

work with the soluble preparation has shown that fy, 

by lyophilization its activity is retained for a pe- ff 
riod of at least 6 months. Preparation of a dialyzed 
60% ammonium sulfate fraction results in loss fin. 
of activity with respect to incorporation of acetate fi; 
into HMG, HIV and 8-OH-B. Partial reactiva- 
tion occurs with ATP, Mgt* and CoA. This, 
however, may only be a reflection of the require- 
ments of the acetate-activating system. In the 
soluble system carbonyl-C™ acetoacetic acid calfparc 
be incorporated into HMG, HIV and 8-OH-BE 
and furthermore the labeling appears in the car 
boxyl position. More work is required, however, 
to determine whether this means that acetoacety! 
CoA or free acetoacetic is the four carbon ac- 
ceptor. 
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Fic. 2. Noncoincidence of radioactivity and 
titration value for geranic acid isolated on 4 
Howard and Martin column, stationary phas4 
paraffin, moving phase 55% w/v aqueous acetone 
Volume of each tube was 3.0 ml. 
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é 7 6 
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Finally, we have attempted to determine the 
nature of the ten carbon unit which might result 
fom the condensation of two molecules of acti- 
- | vated DMA. As Dr. Bloch has shown, DMA is 
incorporated into cholesterol without apparent 
prior breakdown into two carbon units (5). As a 
starting point we have used the compound geranic 
acid derived from the oxidation of citral. Figure 
| shows how its carbon skeleton is related to 
squalene. 

Geranic acid and methyl labeled acetic acid 
were incubated in a homogenate system which 
synthesized cholesterol from acetate (9). Acyl 
SH derivatives were hydrolyzed with alkali. 
Then more geranic acid was added as carrier and 
reisolated by the silica gel column technique of 
Vandenheuvel and Hayes (10) for the separation 
of long chain fatty acids. On this column con- 
siderable activity appeared in the geranic acid, 
ly corresponding to the titration values. 
owever, when the reversed phase chromato- 
hic procedure of Howard and Martin (11) 
used it was found that radioactivity and titra- 
jon values did not coincide (fig. 2). Oxidation of 
e geranic acid with permanganate, which 
leaves the terminal part of the branched chain 
acetone, showed that no labeling was present 
this portion of the geranic acid. Thus it ap- 
that a compound, not geranic acid but re- 
bling it with respect to certain physical 
haracteristics, is formed from acetic acid. Es- 
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sentially similar results were obtained in an 
experiment where geranic acid was not added 
during the incubation with acetate, but only at 
the end as carrier. It is obvious that an immense 
number of derivatives of geranic acid are possi- 
ble and could account for the radioactive peak, 
and it is hoped that further work may indicate 
their nature. It also stresses the already obvious 
fact that rigid purification and identification 
procedures will be necessary to characterize 
these intermediates accurately since these com- 
pounds isomerize readily. 
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BRANCHED CHAIN ACIDS IN THE BIOSYNTHESIS OF 
SQUALENE AND CHOLESTEROL! 


JosePH L. Rapinowitz, F. Diruri, F. Copey anp 8. GuRIN 


From the Department of Biochemistry, University of Pennsylvania, and Radioisotope Unit, 
Veterans Administration Hospital, Philadelphia, Pennsylvania 


1. HAS BEEN SHOWN in several laboratories that 
isotopically labeled acetate can be converted by 
mammalian and plant tissues into five and six 
carbon branched chain acids such as 8-hydroxy- 
8-methy] glutarate, (1, 2) 6-methylcrotonate, (3- 
5) 8-hydroxy isovalerate, (6) and trans-6-methy] 
glutaconic acid (3). There is also evidence that 
some or all of these may be involved as precursors 
of cholesterol (1, 2, 6, 7), squalene (7, 8) and 
rubber (5). 


CH,- COOH CH — COOH 
' " 
CHs COCHe COOH = HO-C-CHy == C - CHs 
+ ' ' 
CHy- COOH CH,- COOH CHz- COOH 
CHy CHy CHs CHy 
ta WR 
c C-OH 
" ' 
cH, =— Ch 
' ' 
COOH COOH 


Fic. 1. Biosynthesis and interconversions of 
branched chain acids. 


CH, COOH 


—— 
. CH... ! 
CHy— C-0H ==," Sc-"cHt—coon 
: — “Me 3 
CH, COOH 75% 
100% ; 


Fic. 2. Distribution of radioactivity in B- 
hydroxy isovalerate following incubation with 
labeled 6-hydroxy-8-methy] glutarate. 


Studies in this laboratory on the biosynthesis 
of squalene and cholesterol have been carried out 
with a particle free extract of rat liver. By com- 
bining an aqueous extract of mitochondria with 
supernatant fluid, a system is obtained which can 
incorporate labeled acetate or #-hydroxy-6- 
methyl glutarate into squalene (8) and cholesterol 


1 Supported by grants of the Atomic Energy 
Commission and the National Heart Institute of 
the National Institutes of Health. 
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(1). While the supernatant fluid alone cannot 
incorporate acetate into squalene or cholesterol, 
it effectively converts labeled B-hydroxy-6-methy| 
glutarate into squalene (8). 

Using labeled acetate as a substrate with a 
system containing mitochondrial extract and su- 
pernatant fluid, the addition of the above men- 
tioned unlabeled branched chain acids resulted 
in a reduction in the incorporation of acetate into 
cholesterol. After incubation, the added acids 
were recovered and found to be radioactive. When 
labeled 6-hydroxy 8-methy] glutarate was used 
as a substrate, radioactivity could be found in 
B-methyl crotonate, 8-hydroxy isovalerate, and 
trans-6-methy] glutaconic acid (1, 3, 4). Figure! 
shows some possible interconversions between 













TABLE 1. INCORPORATION OF LABELED SUBSTRATE 
INTO SQUALENE BY SUPERNATANT ENZYMES 
14 


SUBSTRATE CONCENTRATION pM INCORPORATED 


INTO SQUALEYE 
Huc* 30pM 0.021 
sa* 100 pM 0.007 
Hiv* 40yM TRACE 





acetate, acetoacetate and these branched chai 
acids. 

After incubation of mitochondrial extract and 
supernatant fluid with methyl labeled B-hydroxy 
B-methy] glutaric acid and carrier B-hydroxy is 
valeric acid, the hydroxy isovaleric acid ws 
isolated and degraded (6). Figure 2 shows thi 
the recovered acid was multiply labeled. 
would imply that 6-hydroxy-6-methyl glutan 
acid is in part broken down to acetoacetate ( 
active acetoacetate with a resulting redistributio 
of the isotope in acetoacetate and probably | 
the 6-hydroxy 6-methyl glutarate. 

With supernatant enzymes alone, labeled ( 
hydroxy-§-methy] glutarate is incorporated read 
ily into squalene, while 6-methy) crutenate j 
incorporated less readily and 6-hydroxy isovale 
ate only in trace quantities (table 1). No requir 
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TaBLE 2. INCORPORATION OF C!4-sQUALENE INTO 
CHOLESTEROL BY PARTICLE-FREE EXTRACTS 
Exp. Squalene -c'* pM Squalene 
incorporated 
into cholesterol 
No. | 3500 cpmi pM 0.034 
Unit, No. 2 860 cpmi pM 0.037 
: ment for coenzyme A has been shown in this 
<a system, nor has it been possible to demonstrate 
il the incorporation of the CoA derivatives of the 
YT above named acids into squalene. It is probable 
vith that some form of activation is required, since 
fir 4 §-methyl crotonic acid is utilized while B-hydroxy 
ne S| isovalerate is not. 
alia It has been shown by Langdon and Bloch (9) 
te into that mammalian liver slices incorporate labeled 
| otile acetate into squalene, and that the resulting 
Wher walene can be incorporated into cholesterol. 
2 used have prepared biosynthetic squalene of high 
one ific activity by incubation of labeled acetate 
eal mitochondrial enzymes supplemented with 
‘igual rmatant fluid. The resulting radioactive 
etal lene was incubated with the combined 
itochondrial extract-supernatant fluid system 
wisi labeled cholesterol was recovered (table 2). 
,YMES 
ATED 
EVE 
ed chail 
ract and 
ry droxy 
roxy is0 
cid Wi 
ows thi 
ed. Thi 
glutan 
cetate 0 
tributic 
bably 
abeled ? 
ted read 
tonate 4 
- jsovale 


o requir 
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Preliminary studies indicate that squalene may 
be synthesized biologically, as it is chemically, by 
the condensation of two farnesyl radicals (8). 
During the incubation of supernatant fluid. with 
labeled 8-hydroxy-8-methy] glutarate, the addi- 
tion of carrier farnesol or farnesenic acid mark- 
edly reduces the incorporation of substrate into 
squalene. Upon recovery after incubation, the 
farnesol contained no radioactivity while the far- 
nesenic acid was significantly labeled. Further 
studies are in progress. 
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ENZYMATIC SYNTHESIS OF BRANCHED CHAIN ACIDS FROM 
AMINO ACIDS! 


M. J. Coon? 


From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania 


Sic: other reports at this symposium have 
emphasized the role of a branched chain mono- 
mer in the biosynthesis of complex organic mole- 
cules, it would seem particularly important to 
consider here the biological origin of simple 
branched chain structures. The investigations to 
be described, carried out in collaboration with 
Drs. B. K. Bachhawat, W. G. Robinson, and F. 
P. Kupiecki and Mr. R. Nagle, have established 
the synthesis of a variety of branched chain in- 
termediates from amino acids in soluble enzyme 
preparations from animal tissues. 


(1) a-Methylacetoacetate + succinyl CoA = a- 
methylacetoacetyl CoA + succinate 


(2) a-Methylacetoacetyl CoA + CoA = acetyl 
CoA + propionyl CoA 
Fic. 1. Enzymatic steps in isoleucine degrada- 
tion. 


As described earlier, compounds having the 
isoprene carbon skeleton are derived from the 
catabolism of isoleucine (1-3). a-Methylbutyry] 
CoA? is dehydrogenated in heart or liver extracts 
to furnish tiglyl CoA, which undergoes hydration, 
catalyzed by crotonase, and then oxidation in the 
presence of DPN to yield a-methylacetoacety] 
CoA. It has recently been found that this B-keto 
thiol ester can also be formed by transfer of CoA 
to a-methylacetoacetate (Reaction 1, fig. 1), a 
process similar to the succinate-acetoacetyl CoA 
transfer known to occur in heart preparations (4, 


1 Supported by grants from the National Science 
Foundation and the National Institute of Arthri- 
tis and Metabolic Diseases, Public Health Service. 

2 Present address: Department of Biological 
Chemistry, Medical School, University of Michi- 
gan, Ann Arbor. 

3The following abbreviations are used: co- 
enzyme A, CoA; thiol ester of coenzyme A, acyl 
CoA; §8-hydroxy-8-methylglutaric acid, HMG; 
B-hydroxy isovaleric acid, HIV; diphosphopyri- 
dine nucleotide, DPN; adenosine triphosphate, 
ATP; inosine triphosphate, ITP; tris (hydroxy- 
methyl) aminomethane, Tris. 
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5), and that acetyl CoA and propionyl CoA are 
subsequently liberated by a cleavage step (Reav. 
tion 2). Since the condensation of acetyl CoA 
units to furnish acetoacetyl CoA is known to 
occur readily, there is no reason to believe that 
the condensation of acetyl CoA and propiony! 
CoA to produce a-methylacetoacetyl CoA (by 
reversal of Reaction 2) may not also occur in 
animal tissues. Such a mechanism would provide 
a simple means of obtaining branched chain con. 
pounds from substrates readily available from 
carbohydrate and lipid catabolism. 

Recently we have extended our work a 
branched chain thiol esters to compounds de 
rived from valine, and have obtained evidence 
for the scheme in figure 2, which is an extension 
of those proposed by Atchley (6) and more re 
cently by Kinnory, Takeda, and Greenberg (7) 
This scheme, based on enzymatic studies, is i 
accord with isotopic data obtained by other it 
vestigators (7-10). Isobutyryl CoA is*dehydn shat 
genated by enzyme fractions of heart and live, 
as would be predicted by analogy to the cormg 
sponding dehydrogenation of the CoA thiol estes ‘ 
of straight chain fatty acids (11, 12). The resul-g . 
ing methacrylyl CoA is hydrated non-enzymat-, 
cally to furnish B-hydroxyisobutyryl CoA, bul 
the latter compound remains unchanged in ou. 
enzyme preparations unless the CoA is removed 
in which case the free B-hydroxyisobutyrate if 
converted to methylmalonaldehydic acid by > 
specific DPN-dependent dehydrogenase. Prelimgl 
inary data indicate that methylmalonyl CoA mi 
be formed by oxidation of the aldehyde ai 
The condensation of carbon dioxide with prop 
onyl CoA to furnish methylmalonate, describe 
at these meetings by Flavin (13), may represell 
the reversal of the final step in valine degradig 
tion. In the presence of glutamate, methylmag 
onaldehydic acid undergoes amination to furnis 
8-aminoisobutyrate, which is also known to aris 
from thymine (14). 

Earlier isotopic studies on the degradation 4 
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VALINE 
20M | 
CH3-CH-CO-S-CoA 
CH3 
be CH,"C-CO-S-CoA 
C Hz 
‘oA are I 
= CH»0H-CH-CO-S-CoA 
yl CoA 2 ( 
ve that 
opionyl ‘ 
ccur in CH, 
provide I} 
in com- 
le from CHO-CH-CO,H 
CH 
ork on 
nds de UA 
vidence fe NH5-CH-CO5H CoA-S-CO-C H-COoH 
nore Ie: I 
erg (7) 
es, is i CH3-CH=-CO-S-CoA+CO5 


oe Fic. 2. Proposed scheme of valine and isobu- 
enye™Ayrate metabolism. 
nd liver. 


1e COrTe 
101 esters 
e resi 


ovaleric acid, an intermediate in leucine metabo- 
sm, established two reactions unique in fatty 
. fcid metabolism—carbon dioxide fixation into the 


me bull boxyl position of acetoacetate, and cleavage 
4 in oul the branched carbon chain without prior for- 


naa jon of a B-keto acid (15-19). All attempts to 
: valet btain evidence for a hypothetical 3-carbon in- 
a by +e ediate derived from the isopropyl group of 
: Prelim walerate were unsuccessful, and more recent 
0 A maqguies have led to the demonstration of the re- 
de a hon sequence shown in figure 3 (3, 20, 21). 
- prop lsovaleric acid itself is inert, but in the form 
describe its CoA thiol ester it is dehydrogenated to 
scoff 8-methylerotonyl CoA, and this compound 
gin turn hydrated by crotonase to furnish B- 
alftoxyisovaleryl CoA (HIV CoA). Although 
would preduct that the methyl groups of 
unsaturated compound would be much more 
ive than those of the hydroxy compound, 
carboxylase nevertheless chooses to react car- 
i dioxide with a methyl group of HIV CoA to 
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— 


CH 
4o2C= CH-CO-S-CoA 


ot 


CH 
3>C(OH)-CHy-CO-S-CoA 


CHa” 


C Oali 
HOL-CH,-C (OH)-C H;CO-S-CoA 
CH 


C H3-CH>- cO-CO>H +CH3-CO-S-CoA 


Fic. 3. Enzymatic steps in the conversion of 
isovaleryl CoA to acetoacetate. 


TABLE 1. ENZYMATIC LIBERATION OF PYROPHOS- 
PHATE FROM ATP IN THE PRESENCE OF 


BICARBONATE 

Pyrophos- 

Exper. Substrates Added phate 
Formed, 

MM 

1 KHCO; + ATP 0.91 

KHCO; + ATP + HIV CoA 1.40 

2 KHCO; + ATP + HIV CoA 0.53 

KHCO; + ITP + HIV CoA 0.02 


The test system contained 13 um of glutathione, 
200 um of potassium fluoride, 50 um of magnesium 
chloride, dialyzed heart extract (8.2 mg of pro- 
tein), and, where indicated, 500 um of potassium 
bicarbonate, 10 um of ATP, and 2 um of HIV 
CoA; final volume, 3.0 ml; incubation time, 30° 
min. at 38°. Pyrophosphate was estimated colori- 
metrically (23), and the values reported are cor- 
rected for small amounts of pyrophosphate 
formed in control experiments in which 500 um 
of Tris, pH 8.1, were substituted for bicarbonate. 


produce the 6-carbon intermediate, 8-hydroxy- 
B-methylglutary] CoA (HMG CoA), which is 
rapidly cleaved between the a and 6 carbons to 
furnish equimolar amounts of acetoacetate and 
acetyl CoA. The cleavage enzyme, as reported 
at these meetings (22), requires the presence of 
magnesium or manganese ions and a thiol com- 
pound such as glutathione or cysteine, but is 
strongly inhibited by thiomalate or by malate. 
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By taking advantage of the inhibitory effect of 
malate, it has been possible to accumulate HMG 
CoA in an enzyme preparation freed of crotonase 
and supplemented with bicarbonate, HIV CoA, 
and ATP. It is of particular interest that the 
reversal of this cleavage reaction, by the con- 
densation ot acetoacetate and acetyl CoA, may 
represent the initial branching reaction leading 
to precursors of steroids. Preliminary studies in- 
dicate that the HMG CoA cleavage reaction is 
not readily reversible, but it is quite possible that 
such a reaction could be demonstrated if it were 
coupled with the decarboxylation of HMG CoA. 

We have recently investigated the role of ATP 
in the carboxylation step. As indicated in table 
1, pyrophosphate is liberated from ATP (but not 
from ITP) in the presence of a dialyzed alcohol- 
potassium chloride extract of pig heart supple- 
mented with bicarbonate, and pyrophosphate 
liberation is enhanced by the further addition of 
HIV CoA. Control experiments have established 
that in the absence of bicarbonate, HIV CoA 
does not stimulate pyrophosphate release from 
ATP. Furthermore, in the absence of enzyme, 
no pyrophosphate is released from ATP by the 
addition of bicarbonate or HIV CoA alone or in 
combination. 


(3) CO. + ATP = Activated CO. + pyrophos- 
phate 


(4) Activated CO. + HIV CoA = HMG CoA 


Fic. 4. Proposed steps in carbon dioxide acti- 
vation and fixation. 


These results have led us to propose that the 
carboxylation reaction may involve the two dis- 
tinct enzymatic steps shown in figure 4. Reaction 
8 represents the activation of carbon dioxide with 
the accompanying release of pyrophosphate. Re- 
action 4 represents the conglensation of HIV CoA 
with activated carbon dioxide to furnish HMG 
CoA, thereby pulling Reaction 3 to the right and 
increasing pyrophosphate release. Preliminary 
experiments indicate that the proposed interme- 
diate, although highly unstable, can be recovered 
in small amounts by chromatography at 4° in 
50% ethanol on Whatman no. 3 paper. Adeno- 
sine phosphory] carbonate is suggested as a pos- 
sible structure for the intermediate, for such a 
compound would be expected to have a ‘high 
energy’ bond linking phosphate and carbonate 
and be capable of reacting with the relatively 
inert methyl groups of HIV CoA. A final decision 


on the nature of the intermediate must await 
more complete analytical and enzymatic studies, 
In summary, a variety of branched chain acids, 
many of them having the isoprene carbon skele- 
ton, are formed in animal enzyme systems from 
isoleucine, valine, and leucine. These three amino 
acids are dietary essentials (24), and therefo 
may be present in animal cells in only limiti 
amounts. It appears likely, however, that. the 
intermediate branched acids described may be 
formed independently from simple straight chain 
compounds by the reversal of the pathways out- 
lined, and may as a result be present in tissues 
in adequate amounts to serve as precursors 0 
more complex branched chain structures. 


REFERENCES 


1. Coon, M. J. ann N. S. B. ABRAHAMsEn. J. 
Biol. Chem. 195: 805, 1952. 

2. Coon, M. J., N. S. B. ABRAHAMSEN ANp G. §. 
GREENE. J. Biol. Chem. 199: 75, 1952. 














3. Coon, M. J., W. G. Rosinson anp B. K. 


( 
4 
t 
b 
0 
t! 
te 
0 
p 
a 
st 


si 
pl 


. Stern, J. R., M. J. Coon ann A. bE 


BacuHawat. A Symposium on Amino Aciif ra 
Metabolism. Baltimore: Johns Hopkins Press, th 
431, 1955. ; 
in 
CampILLo. J. Am. Chem. Soc. 75: 1517, 1985 €0 






. Green, D. E., D. S. Gotpman, S. Mir ano fay 


H. Bernert. J. Biol. Chem. 202: 137, 1953. 


6. AtcHLey, W. A. J. Biol. Chem. 176: 123, 1948 the 
7. Kinnory, D. S., Y. Taxkepa anp D. 
GreenBerG. J. Biol. Chem. 212: 385, 1955. | * 
8. Rose, W. C. Personal communication. ; 
9. Gray, I., P. Apams anp H. Havprman fin, 


Experientia 6: 430, 1950. sing 









10. Fongs, W. S., T. P. WAALKES AND J. WuitE . 
Arch. Biochem. and Biophys. 32: 89, 1951. |. 
11. SeuBsert, W. anv F. Lynen. J. Am. Chemg me 
Soc. 75: 2787, 1953. plie 
12. Green, D. E., 8. Mu, H. R. MAHER ni gp 
R. M. Bock. J. Biol. Chem. 206: 1, 1954. the 
13. Fuavin, M. Federation Proc. 14: 211, 1955. 
14. Frnx, K. anp C. McGauauey. Federation Proc SP 
13: 207, 1954. 3, : 
15. Biocu, K. J. Biol. Chem. 155: 255, 1944. bon 
16. Coon, M. J. ann S. Gurin. J. Biol. Chen noi, 
180: 1159, 1949. 
17. ZasBin, I. anp K. Buiocn. J. Biol. Chem. 185 aa 
117, 1950. mat: 
18. Coon, M. J. J. Biol. Chem. 187: 71, 1950. pour 
19. Puaut, G. W. E. anp H. A. Larpy. J. Biol chai 
Chem. 192: 435, 1951. le 
20. BacnHawat, B. K., W. G. RoBinson AND Mf. 
J. Coon. J. Am. Chem. Soc. 76: 3098, 1954. |B! 
21. Bacuuawat, B. K., W. G. Rosinson avg poun 
M. J. Coon. J. Biol. Chem. In press. 8-me 
22. Roprnson, W. G., B. K. BacHHawatT ANg—_ 
M. J. Coon. Federation Proc. 14: 270, 1955.f 1p 
23. Fiynn, R. M., M. E. Jones ann F. LiPMAN§¢hen 
J. Biol. Chem. 211: 791, 1954. Rese: 
24. Ross, W. C. Physiol. Rev. 18: 109, 1938. the ¢ 








lume 14 


{ await 
studies, 
n acids, 
n skele- 
ns from 
e amino 
herefo: 

limiti 

hat the 
may be 
ht chain 
ayS out- 
y = 





rsors of 


. 


MSEN. J, 


np G. 8, 





> BK. 
no Acid 
ns Press, 


A. DE 
17, 1953, 
MII ANI 
1953. 
123, 1948 
» D. 
1955. 
n. 

| PTMANN 


|. WHITE 
1951. 
m. Chem 


ILER ANI 

54. 
19565. 
tion Proc 


344. 
ol. Che 
‘hem. 189 


950. 
rd. Bio 


IN AND} 
, 1954. 
NSON AN 


SYNTHESIS OF BRANCHED CHAIN COMPOUNDS: 


JAMES BONNER 


From the Division of Biology, California Institute of Technology, Pasadena, California 


Bous years ago we undertook to find out some- 
thing about the pathway of formation of rubber 
by rubber-bearing plants. Rubber is an isopren- 
oid made up of repeating isoprene units as are 
the lower terpenes, sesquiterpenes, diterpenes and 
tetraterpenes. It differs from these lower members 
of the series in being a high molecular weight 
polymer, containing of the order of a hundred to 
a thousand isoprene units per linear chain. Our 
study of rubber formation has been made pos- 
sible by the fact that we have available to us a 
plant Parthenium, the guayule, a native of Mex- 
ico, which synthesizes rubber abundantly and 
rapidly. This rubber is contained in the bark of 
the stems and the roots. Rubber formation occurs 
in the guayule when the plant is grown under 
conditions favorable for photosynthesis but un- 
favorable for increase in size of the plant (1). 
Under such circumstances, a major portion of 
the daily photosynthetic increment is stored as 
the rubber hydrocarbon. 

The formation of rubber by the bark of seed- 
ling guayule plants may be increased by supply- 


ing them with a suitable substrate. Thus, it 


has been shown that net rubber formation is 
increased when seedling guayule plants are sup- 
plied with acetate (2). Furthermore, if the acetate 
supplied is labeled with C“ in both carbon atoms, 
the rubber synthesized by the plant possesses a 
specific activity equal to that of the acetate given 
(3, 4). It would appear, therefore, that every car- 
bon atom in the rubber molecule can be chan- 
neled through and derived from acetate. A great 
Many other compounds do not support the for- 
mation of rubber by guayule plants. One com- 
pound which possesses the five carbon branched 
hain was, however, found some years ago to be 
able to replace acetate in the function of support- 
ing net rubber formation by guayule. This com- 
pound is the five carbon branched chain acid 
Bmethylcrotonate (2). 6-methylcrotonate not 
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only supports the net formation of rubber in the 
intact guayule plant, but is some 5-10 times 
more effective in this function than is acetate 
itself. When 8-methylcrotonate labeled with C™ 
is supplied to the plant, the rubber produced is 
found to be labeled. B-methylcrotonate may be 
derived from acetate in the plant, since B-meth- 
ylcrotonate isolated from plants which have been 
supplied with labeled acetate is itself labeled (4). 

In the study of the path of isoprenoid synthe- 
sis by the guayule we have two problems. The 
first is the path of carbon atoms from acetate to 
the isoprenoid structure which forms the mono- 
mer of the long chain molecule. This monomer 
may be 8-methylcrotonate or some closely related 
derivative of it. A second problem is that of how 
the monomer units, 8-methylerotonyl units for 
example, are polymerized to form the long linear 
rubber molecule. 

The facts available to us at the present time 
suggest that the path of acetate to 6-methyl- 
crotonate in the plant (5) follow the general out- 
line shown in figure 1. In this pathway acetate 
is first converted to acetyl-CoA by the acetate- 
activating enzyme. Acetyl-CoA is then joined 
with itself to form the four carbon compound 
acetoacetyl-CoA which is then hydrolyzed to 
acetoacetate. This compound, acetoacetate, is 
next condensed with still another acetyl-CoA 
molecule to form a six carbon compound, 8-hy- 
droxy-8-methylglutary]-CoA (BOG). The .BOQG 
CoA is then decarboxylated and dehydrated to 
form 6-methylcrotonyl-CoA. 

The key intermediate in this series of reactions, 
B-hydroxy-8-methylglutarate (BOG) was first 
suspected as an intermediate when it was tenta- 
tively identified as a product of the metabolism 
of C'-labeled acetate by acetone powders of 
leaves (6). Since this observation in 1953, it has 
been shown by several groups that BOG is in fact 
a naturally occurring plant product (7, 8). The 
sequence of reactions 1 to 4 of figure 1 can be 
carried out with an enzyme system from flax 
seedlings, a plant which accumulates BOG in its 
seeds. The enzymatic system consists of lysed 
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i. 
CH,COOH + CoA—>CH, CO CoA 
ACETATE ACETYL-CoA 
2 


2 CH,CO CoaA —> CH,COCH,CO CoA+CoA 
ACETYL-CoA ACETOACETYL-CoA 


CH3COCH,CO CoA+H20 —CH3COCH,COOH+CoA 
ACETOACETYL-CoA ACETOACETATE 


CH, LH, COOH 


HO~ ‘cH, COCoA 


ACETOACETATE ACETYL-CoA $-OH, 6-METHYL- 
GLUTARYL-CoA 


CH,COCH,COOH+CH; CO CoA—> 


5. 


CH3; CH» COOH CH 
NZ snail nN, 


HO” “CH, CO CoA 


> a 


8-OH,6-METHYL- 
GLUTARYL-CoA 


8-METHYLCROTONYL-CoA 


Fic. 1. Pathway of formation of isoprenoid 
intermediates in a plant enzyme system. 


mitochondria of the flax seedling (5). Carboxyl- 
labeled acetate was incubated with the enzyme 
preparation and the products isolated by silicic 
acid column chromatography and two-dimen- 
sional paper chromatography. Acetate was found 
to be incorporated into acetoacetate and into 
BOG. The reactions are dependent on ATP and 
CoA. Reactions 1, 2, and 3 have been studied in 
several systems and are common to the fatty acid 
metabolism as well as to isoprenoid synthesis. Re- 
actions 4 and 5 can be studied by running them 
in the reverse direction, with labeled 6-methyl- 
crotonate or labeled CO, as the substrate. As 
indicated above, BOG-CoA is formed from ace- 
tate, but extensive experimentation shows that 
BOG is not activated by spinach preparations or 
by whole bean leaves, nor is BOG degraded by 
these preparations. On the other hand, 8-methyl- 
crotonate is activated and transformed as is illus- 
trated by the fact that 6-methylcrotonate sup- 
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ports rubber formation in the intact plant and 
can be converted to BOG as well as to acetyl- 
CoA and acetoacetate in our flax seedling enzyme 
preparation. 

Let us now turn to the possible role of B-meth- 
ylerotonyl-CoA as the monomer of terpene syn- 
thesis. How are two 6-methylcrotonyl-CoA units 
put together to make a simple terpene if this is 
indeed the reaction? We do not know. We do 
know that 6-methylcrotonate is rapidly metab- 
olized to low molecular weight compounds by the 
guayule plant. These compounds, probably acidie 
in nature, appear to constitute a complex mix- 
ture of unsaturated fatty acids, as has been shown 
in our laboratory by Walter McNutt. It is pos- 
sible that they may constitute intermediates in 
the formation of the longer chain isoprenoids from 
B-methylcrotonate itself. The fact that 6-methy]- 
crotonate is so rapidly and extensively metabo- 
lized by the plant into a variety of isoprenoid 
compounds of low molecular weight supports the 
idea that it is B-methylerotonyl itself which is 
the unit condensed. Of this, however, we have as 
yet no direct evidence. Obviously, much remains 
to be done before the complete pathway of iso- 
prenoid polymerization can be discussed in enzy- 
matic detail. 
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CONVERSION OF CHOLESTEROL TO BILE ACIDS' 


MarvIn D. SIPERSTEIN AND I. L. CHAIKOFF 


From the Laboratory of Chemical Pharmacology, National Heart Institute, National Institutes 
of Health, Bethesda, Maryland and the Department of Physiology, University of California 
School of Medicine, Berkeley, California 


Tus discussion of the conversion of cholesterol 
to bile acids may be conveniently divided into 
two portions. We should like first to discuss the 
question of the quantitative importance of bile 
acids as end-products of cholesterol metabolism; 
and secondly, we shall deal with what is known 
about the intermediate compounds involved in 
the conversion of cholesterol to the bile acids. 


BILE ACIDS AS END-PRODUCTS 
METABOLISM 


IN CHOLESTEROL 


Our interest in these problems grew out of a 
project designed to reexamine, with the aid of 
earbon-14 labeling, the metabolic breakdown of 
cholesterol in the animal body. Although the 
subject of cholesterol catabolism has been exten- 
sively investigated over a period of years with 
the use of balance studies and with deuterium 
labeled cholesterol (1-4), it was felt that further 
information might be obtained by use of the 
more sensitive technique of radioactive carbon 
labeling. It might be well before discussing the 
cholesterol-C“ studies to mention some of the 
conclusions of these earlier experiments, many 
of which will bear directly on our findings. These 
¢an be briefly summarized as follows (fig. 1): 

a) Cholesterol was believed to be converted 
either in the body or in the intestinal tract to 
two saturated, 27 carbon, neutral sterols; namely, 
dihydrocholesterol and coprosterol (5-8). b) It 
was concluded that coprosterol was the chief 
end-product in the metabolism of cholesterol (10, 
3, 4). c) Balance studies showed that if large 
amounts of cholesterol were fed, some of the cho- 
lesterol was converted to compounds which were 
no longer detectable by means of digitonin pre- 
cipitation, thus giving some indication that cho- 
lesterol could be metabolized by routes other than 
those just mentioned (11-13). d) It was demon- 





The studies reported here were in part sup- 
ported by grants from the Public Health Service 
and the Life Insurance Medical Research Fund. 

*The place of cholestenone as an intermediate 
in this reaction is now seriously in doubt (9). 


767 


strated by Bloch (14) and by Bloch, Berg and 
Rittenberg (15) with the use of deuterium labeled 
cholesterol, that both pregnanediol and cholic 
acid could be derived from cholesterol. 

In reinvestigating this problem we were for- 
tunate in being able to employ cholesterol labeled 
with carbon-14 in either of two positions (fig. 2). 
Cholesterol-4-C™ was synthesized by Dauben and 
Eastham (16), and cholesterol labeled in carbon- 
26, one of the terminal carbons of the side chain, 
was prepared by Dauben and Bradlow (17). 

Our first experiments with the labeled choles- 
terol were designed to determine simply whether 
either of these tagged carbons could be oxidized 
in the body to carbon dioxide. Individual rats 
were given cholesterol-26-C™ or cholesterol-4-C"“ 
intravenously as an emulsion with glycerol mon- 
ostearate and triolein. Radioactive assay of the 
expired air indicated that whereas carbon-4 of 
cholesterol is not oxidized to carbon dioxide in 
the body, the terminal carbons of the isoocty] 
side chain are extensively excreted as carbon 
dioxide (18). 

In the five rats receiving cholesterol-26-C", an 
average of 19% of the injected cholesterol mole- 
cules lost at least one of their terminal carbons 
in the course of 24 hours. If the period of collec- 
tion was continued for 84 hours, as much as 40% 
of the 26 label could be found in the expired air. 
No CO, was excreted in the 84-hour period by 
the rats receiving cholesterol-4-C™ (fig. 3). 

This finding that a large portion of the body’s 
cholesterol could be partially degraded to carbon 
dioxide seemed at variance with the earlier con- 
clusions that 27-carbon compounds constitute 
the chief end-products of cholesterol metabolism. 
An alternative explanation was, however, re- 
motely possible; that is, the labeled terminal 
carbons could be turning over at a faster rate 
than the remainder of the cholesterol molecule, 
thus yielding CO, and still preserving a 27-car- 
bon structure. The extensive loss of the labeled 
carbons from the sterol side chain did, nonethe- 
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COPROSTEROL DIHYDROCHOLESTEROL 
CHOLESTEROL he 
OH his 
COOH & ) S 
o ‘*. 
HO : ‘OH 
CHOLIC ACID PREGNANEDIOL 


Fig. 1. Known interconversions of cholesterol. 


c'*H 
(2¢) 


(27) 





Fia. 2. Sites of C labels. 


less, lead us to suspect that a sterol with fewer 
than 27 carbons, such as a bile acid, might play 
a more important part in cholesterol catabolism 
than had been previously thought. 

Further studies were then carried out on the 
excretion of compounds containing carbon-4 of 
cholesterol (19). It was found that whether cho- 
lesterol was injected as ah emulsion or as a 
Tween solution or if it was given by mouth, the 
end-products of cholesterol metabolism which 
contained this label were eliminated almost en- 
tirely by way of feces. 

When cholesterol-4-C™ was administered intra- 
venously a comparison of the various routes of 
excretion of carbon-4 indicated that less than 1% 
was eliminated in urine and, as already noted, 
none appeared in the expired air. On the other 
hand, if rats were maintained for a period of 15 
days, as much as 95% of the injected C™ could 
be recovered in the feces (fig. 4). 

The question then arose as to whether the 
major fecal end-product of cholesterol metabo- 


lism was coprosterol or whether the loss of car- 
bon-26 as CO, did indicate that smaller com. 
pounds were responsible for the fecal C'. Some 
idea as to the nature of these fecal excretion 
products could be obtained by simply saponifying 
the feces and separating the radioactivity into 
two fractions: the nonsaponifiable fraction which 
would include cholesterol itself, dihydrocholes- 
terol and coprosterol; and the saponifiable frac- 
tion which includes both bile acids and fatty 
acids. As will be noted, when this was dovwe less 
than 10% of the activity could be recovered in 
the nonsaponifiable portion of the feces, clearly 
indicating that coprosterol is not an important 
end-product in cholesterol catabolism. 

The criticism could be made of the previous 
experiment that the results might reflect an ab- 
normal metabolism of cholesterol caused by ad- 
ministering the compound by the intravenous 
route. To eliminate this possibility a similar study 
was performed in a rat which received choles- 
terol-4-C“ by stomach tube. As can be seen in 
figure 5, in a 15-day period 81% of the C™ of the 
administered cholesterol had been eliminated in 
the feces. The 30% of the C™ which appeared 
during the first day or two was primarily in the 
form of non-saponifiable material and no doubt 
represents cholesterol which was never absorbed 
from the intestine. However, after this initial 
period the fraction of C™ in the nonsaponifiable 
portion decreased rapidly and averaged only 
about 11% during the remainder of the study 
This experiment with orally administered cho 
lesterol-C again indicated that it was in the 





i et ie ee tees gee 


PER CENT OL  iwwmicerecr -l4@ 


ais 
o = 


oe 
oOo 











































































































September 1955 CONVERSION OF CHOLESTEROL TO BILE ACIDS 769 
44 100 T T T T T T T T 100 x 
0 
S40 4 so- SAPONIFIABLE 480 a) 
z z 
Z36+  CHOLESTEROL- mage Fe 
9 27- cl a s 
2327 a me 
3 W 70h 470 x 
u 287 2 TOTAL c!4 D 
¢ "te 3 sot EXCRETED deo ™ 
0247+ a F 5 
< 
20} 6 i 7% 
5 16 5 aol 440 Z 
zZ Fig. 3 o |i ba 
Z 12} is q sot 30 > 
a. a | Fig. 5 a 
} a. 4 
a 2 20} NONSAPONIFIABLE 420 $ 
+ nv 
a“ CHOLESTEROL-4-c* | $ 4 ge 
re] bereft & ne EE RE = 
ce 0O 10 20 30 40 50 60 70 80 90 3 0 A ere: 7" 
. HOURS See Oe ee ie ie i ee 
W 
100 T T T T T T T T a 
of car- | 90} TOTAL cl4 4+ 2 
- a. t EXCRETED 9 
we) 
Some § ®r fa) 14 ft 8 
ret] W SAPONIFIABLE C 
pee oa 4 % 
rifying a i 
y into} go) x . e 
which u fo} 
choles- sof © + ¢ 
e frac- Z 
W 
| fatty}: “TF 9 - 6 
we less a . Bee 
sred in |! hig 4 re 
clearly = PB Gas 
yortant ‘: & 
a NON SAPONIFIABLE C 4. 
revious a 
anal} “2 «4 6 8 0 12 4 16 « off +—+—_—_}—_—_+_ _ +} 
by ad-} pays a. fe) 12 24 360s 48 60 
venous} Fic. 3. Excretion of C“O» in normal rats receiving either cholesterol-4-C™ or cholesterol-26-C™ 
r study | @arbons-26 and 27 of cholesterol are equivalent). 
a ole. Fic. 4. Excretion of C™ in feces following intravenous administration of cholesterol-4-C™. 
: Fic. 5. Excretion of C™ in feces following oral administration of cholesterol-4-C™. 
seen 1} Fig. 6. Biliary excretion of C™ following administration of cholesterol-4-C'. Solid symbols represent 
4 of the] rats receiving cholesterol by mouth; open symbols denote those receiving cholesterol intravenously. 
ated in 
peared | saponifiable fraction that the metabolic products in the collected bile in a 48-hour period. Again, 
y in the} of the body’s cholesterol were to be found. neither route of administration nor type of prep- 
o doubt} To determine whether the labeled nucleus car- aration made any detectable difference in this 
bsorbed bon of cholesterol was entering the intestinal rate of excretion (fig. 6). 
s initial|tract by way of bile, cholesterol-4-C“ was next Although the large amounts of C™ appearing 
onifiablefinjected or fed to rats which were previously _ in bile indicated that this route must be an im- 
ed only§provided with bile fistulae. It was soon clear portant one in cholesterol excretion, the quanti- 
e study@that carbon-4 of cholesterol was very rapidly ex- _ tative significance of this pathway could be esti- 
red chogereted from the body by way of the bile. An mated only by observing the amounts of C™ 
; in theVerage of 38% of the administered C“ was found being excreted in the feces and urine of these 






























































770 FEDERATION PROCEEDINGS Volume 14 
WHOLE BILE - 1,000 C.P.M. FECES 1,000 C.P.M. 
SAPONIFICATION ALCOHOL EXTRACTION 
PETROLEUM ETHER EXTRACTION 
COMBINED EXTRACTS 1,000 C.P.M. RESIDUE -6-1 CPM 
e SAPONIFICATION sail: 
A en cae toes rnc Tt PETROLEUM ETHER EXTRACTION 
DIGITONIN PRECIPITATION entatiat ceni atta 
AND 
f ] PETROLEUM ETHER EXTRACTION A cee ri ocr Mm 
& STEROLS @ STEROLS ACIDIFICATION (H2S04) 
2923CPM 412 3CPmM DIGITONIN PRECIPITATION AND 
PETROLEUM ETHER 
« STEROLS @ STEROLS ee 
a waren: soLueLe 962 6CPM. 10426 CPM oo 
prin aay B WATER SOLUBLE 
§$22C. PM 810 70 C.PM. 
| ; 
WATER- SOLUBLE FRACTION Cc Coca — c 
| OC PM. 1 
eek... sini € 
Bil E ACID ci4 IN Bil E ] BILE ACID C'4 IN FECES : 
D oneal Bas] ee 
Fig. 7 Fic. 8 je 
sl 
bile cannulated animals. When this was done it Total bile acids were then finally purified through | at 
was found that the acholic feces, intestinal con- _ the iron precipitation method of Doubilet (22). By | is 
tents and urine always contained less than 10% this procedure it was possible to demonstrate | 1 
of the excreted C™, thus providing evidence for that, of the total radioactivity excreted in the} (2 
the conclusion that of the C normally excreted bile, 95% was present as bile acids. 
from the body, over 90% passes through the bile. Though it does demonstrate that most of thef ou 
This finding, of course, further strengthened the body cholesterol must be metabolized by way of his 
suspicion that cholesterol was being excreted in _ bile acids, this finding does not of itself permit ], no’ 
the form of bile acids. the conclusion that bile acids are the final end- | ob: 
By re-infusing the biliary C“ into the duodena _ products of cholesterol metabolism. During the } bu 
of rats with bile fistulae it was also possible to process of repeated enterohepatic circulation and J ¢an 
show that 80-90% of the C™ excreted through during passage down the intestinal tract further I 
the bile was promptly reabsorbed by the intes- alterations in the bile acid molecule might con- ] We 
tine. This fraction was then carried by way of ceivably take place. ing 
the portal blood to the liver, where it was quickly That bile acids are the final end-products of | Mar 
re-excreted into the bile (20). This enterohepatic cholesterol metabolism is demonstrated by the | fistt 
circulation in an intact animal would allow only results obtained by analyzing the feces of the | dose 
a small portion of the biliary C“ to escape into intact rat (fig. 8). In these experiments as much | in a 
the feces with each cycle, but it is apparent that as 95% of the radioactivity of the administered | foun 
it was the sum of these fractions that in the in- cholesterol-C“ could be recovered in the feces, | ¢xcr 
tact rat led to the almost complete excretion of and of this amount over 80% was found to be | tivel 
the injected cholesterol-4-C™ into the feces in a present in bile acids (21). Frac 
15-day period. From these experiments, therefore, it seems | Man, 
Further chemical analyses of both bile and possible to conclude that only about 20% of the} ¢rete 
feces collected in the previous experiments were _body’s cholesterol is excreted in the feces as neu- | dilut; 
next undertaken (fig. 7, ref. 21). Total bile acid tral sterols, i.e., without loss of any carbons. § C'-¢ 
activity was obtained by first extracting the These arrive in part through the intestinal wall | —— 
acidified, saponifiable fraction with petroleum and in part via the bile. Ty 
ether to remove fatty acids. Following this, bile On the other hand, the catabolism of over 80% eet 
acids could be extracted with little or no contam- of the body’s cholesterol does involve the loss of es 


inating radioactivity by shaking with ethyl] ether. 
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TABLE 1. IN VITRO OXIDATION OF 
CHOLESTEROL-26-c 


% Added % Added 
Tissue C*6 Oxidized Tissue C26 Oxidized 
to CO» to CO 

Liver 0.30 Spleen 0.03 
Kidney 0.12 Lung 0.01 
Adrenal 0.08 Brain 0.01 
Testes 0.07 Boiled 0.00 
Liver 0.01 


chain, at least one of which promptly appears as 
carbon dioxide. The remainder of the cholesterol 
molecule is then excreted in the bile as bile acids, 
which after repeated enterohepatic circulation are 
finally excreted in the feces, still in the form of 
bile acids. 

While this work was appearing Bergstrém pro- 
vided strong support for one phase of these con- 
clusions in a report which demonstrated that 
cholic acid, the chief bile acid excreted in rat 
bile, accounted for most of the radioactivity 
which he found in bile after intraperitoneal in- 
jection of cholesterol-4-C' (23). This finding was 
subsequently confirmed by us (24). Bergstrém 
and later ourselves have further shown that it 
is as the taurine conjugate of cholic acid that the 
rat excreted most of its cholesterol into the bile 
(24, 25).3 

Although the work so far described was carried 
out in the rat, some evidence that the mecha- 
nism of cholesterol metabolism just discussed is 
not confined to this species was provided by the 
observations that the dog can oxidize carbon-26 
but not carbon-4 of cholesterol to CO, (19), and 
can also convert cholesterol to cholic acid (15). 

Recently at the National Institutes of Health 
we have been able to extend this work by study- 
ing the metabolism of cholesterol-4-C™ in a hu- 
man being (27). In a man provided with a biliary 
fistula, a total of about 40% of an intravenous 
dose of cholesterol. was excreted from the body 
in a 50-hour period. Of this amount 98.5% was 
found in the bile, whereas only 1.3 and 0.2% were 
excreted in the acholic feces and urine respec- 
tively. No CO. was detected in the expired air. 
Fractionation of the biliary C“ revealed that in 
Ian, too, approximately 90% of the activity ex- 
¢reted in bile is present as bile acids. By isotope 
dilution and paper chromatography the major 
C-containing bile acid was again identified as 





* The isolation of cholyl CoA and the demon- 
stration of its role as an intermediate in tauro- 
cholic acid synthesis has been reported at these 
Meetings (26). 
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Fic. 9. Influence of intestinal bacteria on 
ability of the rat to oxidize carbon-26 of choles- 
terol to CO>. 


cholic acid, but in man it was found conjugated 
primarily with glycine. 

The organs of the body which are responsible 
for the removal of the carbou-26 from the cho- 
lesterol molecule, and therefore presumably con- 
vert cholesterol to bile acids, have been deter- 
mined by Meier et al. (28). 

Slices of various tissues were incubated with 
cholesterol-26-C'; CO, was collected and its C™ 
content assayed. Liver was found to be the most 
active organ in carrying out the removal of car- 
bon-26 from cholesterol; kidney, adrenal and 
testes were less so, while the other organs tested 
had little or no activity (table 1). 

It is interesting that this oxidation of carbon"26 
has been further localized to the mitochondria of 
the liver cell by the work of Anfinsen, Horning, 
and Fredrickson (29, 30). Recently it has also 
been shown that mitochondria of liver will carry 
out the conversion of cholesterol-4-C" to bile 
acids as isolated by the Doubilet procedure (22). 

The question of the importance of intestinal 
bacteria in the oxidation of cholesterol also de- 
serves consideration, especially since Dr. Thressa 
Stadtman has found that some species of bacteria 
will oxidize carbon-4 of cholesterol to CO, at a 
more rapid rate than carbon-26 (32). That intes- 
tinal bacteria do not carry out such a reaction is 
amply demonstrated by, first, the lack of CO, 
recovered from the intact rat or man injected 
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with cholesterol-4-C“, and second, the almost 
quantitative recovery from the feces of the C™ 
administered in such experiments. Intestinal bac- 
teria likewise do not remove carbon-26 of cho- 
lesterol to any significant extent since rats whose 
intestinal tracts have been rendered free of bac- 
teria will carry out this oxidation of cholesterol 
just as rapidly as normal animals (fig. 9, ref. 18). 
It is worth noting at this point that not only 
is most of the body cholesterol metabolized to 
bile acids, but the work of Bloch et al. (15), of 
Zabin and Barker (33) and of Hellman et al. (34) 
would indicate that cholesterol is the major and 
probably the only precursor of bile acids. 


PATHWAY OF CONVERSION OF CHOLESTEROL 
TO CHOLIC ACID 


I should like now to leave the subject of the 
quantitative aspects of bile acids in cholesterol 
metabolism and go on to discuss the biochemical 
pathway of conversion of cholesterol to cholic 
acid. Unfortunately this pathway is still very 
poorly understood. 

When the labeled bile acids of rats injected 
with cholesterol-4-C™ were first separated by pa- 
per chromatography, it was apparent that at the 
early intervals of bile collection most of the 
radioactivity was found not in cholic acid but in 
another unidentified bile acid. It was only several 
hours after the cholesterol injection that, simul- 
taneously with a decrease in radioactivity in this 
unknown acid, C“ began to appear in cholic 
acid (24). 

This suggested to us the possibility that the 
compound in question was a bile acid intermedi- 
ate between cholesterol and cholic acid. The un- 
known band gave color reactions and was located 
on paper chromatograms at a site very close to 
that of desoxycholic acid. However, desoxycholic 
acid isolated from bile after the addition of carrier 
failed to contain any radioactivity. Bergstrém 
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Fic. 10. Formulas of the commoner bile acids. 


FEDERATION PROCEEDINGS 





Volume 14 Q 


has shown that this dihydroxylated bile acid js 
actually chenodesoxycholic acid, having hydroxy] 
groups on carbons 3 and 7 (25). This observation, 
together with the finding of Harold that the 
monohydroxylated bile acid, lithocholic acid, con- 
tains C™ soon after cholesterol-4-C™ injection led 
us to the idea that lithocholic could be converted 
to chenodesoxycholic acid which in turn would 
be hydroxylated to give cholic acid (fig. 10, ref. 24). 

Bergstrém, however, has presented evidence 
that the last step in this sequence of reactions 
is not correct. Using C™ labeled lithocholic acid, 
he found that instead of forming cholic acid, 
lithocholic acid is converted in the rat to a com- 
pound which behaves on reverse phase chroma- 
tography as a trihydroxy bile acid, but which is 
definitely not cholic acid (35). This compound 
has not as yet been further characterized. 

Bergstrém has provided further evidence on 
the role of the dihydroxylated bile acids in the 
conversion of cholesterol to cholic acid (36, 37). 
Desoxycholic acid-24-C“ and chenodesoxycholic 
acid-24-C™ were injected into rats and their me- 
tabolism observed. He noted that, whereas des- 
oxycholic acid does yield cholic acid-C, cheno- 
desoxycholic is converted at a slower rate to the 
unknown trihydroxy bile acid, which had also 
been formed from lithocholic acid. 

If desoxycholic acid is an intermediate in the 
conversion of cholesterol to cholic acid in the rat, 
the conversion of C'*-cholesterol to desoxycholic 
acid should be demonstrable. Until recently ‘des- 
oxycholate had not been shown to be present in 
rat bile, and after injecting C'-cholesterol, the 
isotope dilution method with pure desoxycholic 
acid had not demonstrated C™ to be present in § 
this compound. In the past few months, however, 
use of the trapping technique has enabled us to 
show that desoxycholic acid can be identified in Betero 
the rat and further that cholesterol-C™ is con- 
verted to it at an appreciable rate. Thus, after 








TABLE 2. CHOLESTEROL-C“ CONVERSION 
TO DESOXYCHOLATE-c!4 
Desoxycholate 
Specific Activity, 
(cts/min/mg) 
3:2 
3.2 
3.0 
3.2 


Bile fistula rat injected with 100 y of choles- 
terol-4-C™ and 20 mg of desoxycholic acid. The §*"ere 
biliary desoxycholic acid-C™ isolated with the Michole; 
aid of pure carrier had the above specific a- Beleys 
tivities which are equivalent to a minimum of 
9.8% of the excreted cholesterol-4-C". 
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sthis bile acid (table 2, ref. 38). 

At our present state of knowledge, therefore, 
here is reason to believe that cholesterol can, in 
he rat, follow at least two pathways of break- 
lown to bile acids (fig. 11). One of these would 
wolve the conversion of cholesterol to lithocholic 
id, which in turn would be hydroxylated at the 
position to yield chenodesoxycholic acid. This 
mpound on hydroxylation may then become 
he uncharacterized trihydroxylated bile acid. 
A second and quantitatively more important 
ihway would consist of the conversion of cho- 
ol to desoxycholic acid, which would then 
tapidly hydroxylated in the 7 position to give 
holic acid as a final end-product. 

The intermediate steps in the conversion of 












of cholesterol to cholic acid it might indicate the 
presence of a third route by which bile acids are 
formed from cholesterol. 

Finally, I should like to mention the question 
of reversibility of the above reactions. Byers and 
Biggs have shown that tritium labeled cholic acid 
is not converted to cholesterol by the rat (40) 
and Bergstrém has reported that cholic acid- 
24-C™ is not changed into any less hydroxylated 
bile acids (36). Likewise, little if any less polar 
compounds are formed in the rat from chenodes- 
oxycholic-C“ (37). The evidence would indicate, 
therefore, that the conversion of cholesterol. to, 
cholic acid in the intact animal progresses in 
only the one direction. 


SUMMARY 


In summary, then, it can be said that studies 
in the rat have demonstrated that the chief path- 
way of catabolism of cholesterol involves its oxi- 
dation to bile acids, and it is as bile acids that 
cholesterol is eliminated both in the bile and in 
the feces. The importance of these conversions in 
human cholesterol metabolism has also been es- 





i holesterol to either lithocholic acid or to desoxy- 
is holic acid have not as yet been described. The 
ity, $k of Zabin and Barker, however, has demon- 
r) tated that this conversion involves the loss of 
ily the isopropyl carbons of the cholesterol. In 
ler words, in this process the side chain of 
lesterol is not extensively broken down to be 
choles: resynthesized to that of cholic acid (33). 
d. The §Lhere is some indication that in the conversion 


ith the §eholesterol to cholic acid, hydroxylation of the 
ific 9¢- Beleus of the neutral sterol may precede the 
num ©" Bdation of the side chain. Bergstrém (39) has 
pared 3,7,12 trihydroxy coprostane and has 





tablished. In rat bile the major bile acid end- 
product of cholesterol metabolism has been iden- 
tified as taurocholic acid, while in human bile 
cholesterol is eliminated primarily as glycocholic 
acid. 
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The biochemical pathways of conversion of 
cholesterol to bile acids have at present only 
begun to be elucidated. It would appear that at 
least two such pathways are present in the rat. 
The quantitatively less important one terminates 
in an as yet uncharacterized trihydroxylated bile 
acid(s), and probably involves the hydroxylation 
of lithocholic acid to chenodesoxycholic acid as 
an intermediate step. The conversion of choles- 
terol to cholic acid, through which most of the 
body cholesterol goes, is even less well character- 
ized. The only intermediate compound which can 
be said with some certainty to be on this path- 
way is desoxycholic acid. The possibility exists, 
however, that an alternate pathway in the con- 
version of cholesterol to cholic acid involves the 
hydroxylation of the sterol nucleus prior to the 
removal of the side chain carbons. 
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Worx the past few years considerable in- 
sight has been obtained concerning the biochemi- 
cal processes involved in the biogenesis of the 
adrenocortical secretion. It has now been defini- 
tively established that: a) both cholesterol and 
acetate are basic precursors of the corticosteroid 
hormones, 6) corticosterone and/or 17-hydroxy- 
corticosterone (cortisol) are the major end prod- 
ucts (stoichiometrically considered) of the 
corticosteroidogenic sequence and c) adrenocor- 
ticotrophin (ACTH) accelerates the rate of 
corticosteroidogenesis in vitro (1). 

Our present picture of the probable sequences 
involved in the biosynthesis of corticosteroids is 
shown diagrammatically in figure 1. Those reac- 
tions which have been established unequivocally 
are shown with solid lines; those with dotted lines 
represent probable reactions which have not been 
shown definitively. In its essentials, this is the 
same reaction sequence which was presented in 
1950 (2) modified in that most of the dotted lines 
presented then are now solid and. new dotted 
lines have been added. The primary reactions of 
the sequence involved in the conversion of choles- 
terol to corticosterone and cortisol was devised 
entirely on the basis of studies involving the 
isolation and characterization of products re- 
sulting from the perfusion of various steroids 
through adrenal glands. This pointed the way 
for the search of simplified systems (cell-free 
homogenates, enzyme extracts, etc.) which might 
tarry out one or another part of the reactions in 
the sequence. Within a few years all of the reac- 
tions from pregnenolone to corticosterone and/or 
cortisol were obtainable in extracts or homog- 
tnates (1, 3, 4); with our recent demonstration 
that adrenal homogenates convert cholesterol- 

“ to radiopregnenolone (5), each of the reac- 
ions postulated in the ‘cholesterol sequence’ has 
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CHOLESTEROL-4-C* METABOLISM IN ADRENAL 
HOMOGENATES: 


NicHOoLAS SABA? AND OscaR HECHTER 


From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts 


now been unequivocally demonstrated in adrenal 
homogenates. Moreover, the available evidence 
from in vivo studies is basically in agreement with 
this phase of the postulated sequence, and thus 
we appear to have arrived at a fairly complete 
outline of the route by which cholesterol is 
converted to the ‘major’ corticosteroids. The 
dotted lines in figure 1 reveal, nevertheless, that 
there remain considerable areas of uncertainty. 
Among these may be listed the following prob- 
lems: 

a) The corticosteroidogenic activity of ACTH 
in the perfused bovine adrenal appears to be the 
resultant of the acceleration of a single step, 
cholesterol to pregnenolone (6), which appears to 
be the rate-determining step in the overall se- 
quence whereby cholesterol is converted to the 
‘major corticoids.’ However, the mode of ACTH 
action, if indeed operative at this step, is almost 
entirely obscure. 

b) Evidence derived from bovine adrenal per- 
fusion studies (6, 7), indicates the presence 
of an alternative pathway of corticosteroidogene- 
sis from acetate, which does not involve choles- 
terol as an obligatory intermediary, and which 
is not stimulated by ACTH. There is, however, 
no definitive evidence for the existence of such 
an ‘alternative’ pathway. If existent, what are 
the possible intermediaries involved? Does one 
of these enter the ‘cholesterol sequence’ at the 
level of pregnenolone or progesterone, or is yet 
another pathway involved? 

c) With the elucidation of the structure of al- 
dosterone (8), it is necessary somehow to incor- 
porate this highly potent mineralocorticoid into 
our picture of corticosteroid biosynthesis. The 
discovery of aldosterone, which is secreted by 
adrenals in trace amount relative to cortisol and/ 
or corticosterone, is so recent that we do not even 
know whether aldosterone is derived from cho- 
lesterol. The limited in vitro data available con- 
cerning its biogenesis indicates that desoxy- 
corticosterone (DOC) is converted to aldosterone, 
and may be an intermediary (9). Jn vivo studies 


























776 
CHOLESTEROL CORTICOSTEROIDOGENIC SEQUENCE] =—t™S } 
saree iy TEROL 
eer <— ACTH 
il “_ _ |. — PREGNENOLONE 
Glee =-----b--; wane ! 
|_| v7 ow procesteRONé <> procesrerone- “-- | 
1 + ? ¥ 
i 17 OW DOC poc — — — “518 ALO pos 
© es youre 
| a | 
1 a CORTICOSTERONE ee: 
' 
bn es edit am aad an as om oe a ewan on oe Sy nS : 











strongly suggest, however, that ACTH exerts 
only minimal influence upon the rate of secretion 
of aldosterone, relative to its effect upon the 
adrenal output of corticosterone, cortisol, DOC, 
or 17-hydroxy DOC (10). The relative insensi- 
tivity of aldosterone production to ACTH is ex- 
plicable on the basis that this corticoid does not 
arise primarily from the ‘cholesterol sequence’ 
which gives rise to corticosterone and cortisol, 
through DOC and 17 OH DOC respectively. Al- 
ternatively, aldosterone production could involve 
the ‘cholesterol sequence’ and still be relatively 
insensitive to ACTH, if an enzyme component 
of the aldosterone pathway had high affinity (or 
a preferential location) and a low saturation 
capacity for progesterone relative to the 17 and 
21 hydroxylating enzyme systems. The primary 
position of progesterone hydroxylation (i.e. at 17, 
21 or 18) might determine the subsequent fate of 
the progesterone molecule, whether to cortisol, 
corticosterone or aldosterone. Enzyme systems 
with similar characteristics have previously been 
postulated (11) to account for the production of 
certain trace products of progesterone metabo- 
lism by the perfused adrenal which are formed in 
constant amount independent of ACTH or pro- 
gesterone concentration, in marked contrast to 
cortisol and corticosterone. 

Our approach to the elucidation of these prob- 
lems has involved search for a cell-free adrenal 
preparation which has the capacity of forming 
corticosteroids from both C"-cholesterol and 
C"-acetate. Given such a system, it might be 
possible to isolate intermediaries as well as end 
products, if the orderly sequence of reactions oc- 
curring within the intact cell could be disrupted 
and sufficiently disorganized. Examination of the 
relative specific activities of radioactive products 
formed, studied on a kinetic basis, should then 
provide evidence concerning the postulated ‘non- 
cholesterol’ pathway and its quantitative impor- 
tance in corticosteroidogenesis under a variety 
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of in vitro conditions. By suitable fractionation of 
the adrenal preparation it might be possible to 
study the step, cholesterol to pregnenolone, upon 
which ACTH appears to act, and thus gain some 
understanding of the mechanism of an in vitro 
hormone action. Finally, by incubating suitably 
labeled precursors, the biogenesis of aldosterone 
might be clarified. 

The program outlined above (aside from the 
problem of aldosterone biogenesis) undertaken 
several years ago, was initiated by studying the 
metabolism of cholesterol-4-C™“ in homogenates 
of cow adrenals. More recently, in conjunction 
with Drs. S. A. Simpson and J. F. Tait, we have 
been studying the biosynthesis of aldosterone in 
this system. It must be stated immediately, that 
the program undertaken has not been completed 
nor have we settled any of the specific problems 
we set out to elucidate. Instead, as the work pro- 
gressed, we encountered one surprise after an- 
other with attendant violence to some of our 
preconceived notions. The work we present today 
must be considered as a progress report, wherein 
a few facts are combined with preliminary data 
to present a most incomplete picture. 


PRODUCTS OF C!4 CHOLESTEROL CATABOLISM IN 
ADRENAL HOMOGENATES 


Preliminary work revealed that cell-free homo 
genates of freshly obtained cow adrenals prepa: 
in a variety of media catabolized cholesterol-- 
C' to more polar products. Of the various homo- 
genizing fluids tested, a hypotonic solution con- 
sisting of phosphate buffer (m/150, pH 7.4) sup- 
plemented with DPN, ATP, niacinamide, Mg, 
fumarate and sucrose was particularly useful, 
since such homogenates catabolized cholesterol 
in good yield, while permitting the accumulation 
of early intermediaries in the sequence, in amount 
sufficient for their ready detection by our tech- 
nics. Table 1 illustrates the radioactive products 
obtainable from a representative experiment of 
this series, wherein 50 micrograms of cholesterol- 
4-C™ (2.5 X 105 ct/min.) was incubated with the 





a2 Sf 2S SO ee a ee ee ce 


s 


that 





total homogenate obtained from 100 grams of 
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pally silica gel chromatography in order to obtain 
crystalline products. Of the total count added, 
14% was converted to a mixture of radioactive 
products. As table 1 reveals, four products could 
be identified by infrared (IR) spectroscopy: pro- 
gesterone, pregnenolone, corticosterone and cor- 
tisol. Also present, but unidentified, were the 
following radioactive zones: 1) ‘A,,’ appears to 
be a single product of polarity comparable to 11- 
dehydrocorticosterone, which gives spot reactions 
characteristic for the A‘-3 ketone function, but 
not for the ketol side chain; 2) ‘E,’ of polarity 
comparable to cortisone, consists of a mixture of 
44.3 ketones, one of which appears to be aldos- 
terone and 3) ‘MPF,’ a mixture of products more 
polar than cortisol. It has not been possible, as 
yet, to establish whether the aldosterone in zone 
’ is derived from the radiocholesterol. 

The point of greatest interest to us was the 

finding that the early intermediaries of the se- 
quence, pregnenolone and progesterone, had 
accumulated in the system in addition to the ex- 
pected end products, cortisol and corticosterone. 
We have measured the specific activities of the 
four major catabolic products relative to the cho- 
lesterol isolated at the end of the experiment. The 
counts per mM per minute of the pregnenolone or 
progesterone is about 2.5 times greater than the 
isolated cholesterol, and about 60% greater than 
that of the isolated corticoids. 
In the absence of kinetic data, the basis of the 
differences in specific activities between preg- 
nenolone and progesterone on the one hand, and 
cortisol and corticosterone on the other cannot be 
definitively evaluated. However, the differences 
between the relative radioactivities of the cho- 
lesterol and the products isolated is so great, that 
it must be concluded that there are at least two 
pools of cholesterol in the total homogenate, only 
one of which is metabolically active in cortico- 
steroidogenesis. 


DISTRIBUTION OF CHOLESTEROL CATABOLIC 
ACTIVITY AND OF CHOLESTEROL IN SUB- 
FRACTIONS OF ADRENAL HOMOGENATES 








The suggestion that there are different pools 
¢lof cholesterol in the adrenal cortex made it neces- 
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TABLE 1. C' propucts OF CHOLESTEROL 
METABOLISM IN TOTAL HOMOGENATE* 

















Total Ct/ | % To- 
Co Product Ge | aw | ai 
X 108 | X 105 | ucts 

cholesterol 5.4 
progesteronet 2.3 | 13.5] 6.6 
pregnenolonet 3.5 10.0 
‘Ay’ 2.5 | 
corticosteronet 17.8 | 8.3 | 50.0 
‘EK’ 2.5 dat 
cortisol 7.4 | 8.7 | 21.0 
‘MPF’ +§ 1 





* Adrenal cortex homogenate (100 gm) in 400 
ml cofactor-buffer medium containing .025 su- 
crose incubated with 50 yg cholesterol-4-C™ 
(containing a total of 250 X 10? ct/min.) for 2.5 
hr. at 38° (Oz). 

tT In order of increasing polarity. 

t Identified by infrared analysis. 

§ Detectable in trace amount. 


isotonic sucrose. The resulting homogenate was 
then fractionated by differential centrifugation, 
using the procedures of Schneider and Hoge- 
boom (12). 

To determine the site of cholesterol metabo- 
lism, the isolated washed fractions of the homo- 
genate were suspended in the cofactor-phosphate 
buffer medium, and incubated with cholesterol- 
4-C™4, The radioactive products formed were 
measured by fractionating the lipoid extracts ob- 
tained, first on silica gel columns and then by 
paper chromatography using the propylene 
glycol-ligroin system, where cholesterol travels 
with the front. The cholesterol zone was located 
by color tests and count and the remaining por- 
tion of the papergram containing products more 
polar than cholesterol was eluted and counted to 
give an estimate of the radioactive products. -» 

Upon testing the individual fractions of the 
homogenate separately, it was consistently ob- 
served that the ‘mitochondrial’ fraction (sedi- 
mented by 8,000 g for 20 min.) had most or al- 
most all of the cholesterol-catabolic activity, 
whereas the ‘nuclear’ fraction (obtained by cen- 
trifugation at 600 g for 20 min.) and the combined 
supernate plus ‘microsomes’ were almost com- 
pletely inactive. 


In one such experiment, the isolated and 
washed fractions derived from 10 grams adrenal 
cortex were suspended in cofactor-phosphate 
buffer (mM/150 phosphate px 7.2, MgSO,, fumarate, 
niacinamide, all at 5 X 10-?m; ATP, 2.5 X 10°? Mm; 
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TABLE 2. CHOLESTEROL DISTRIBUTION IN COW 
AND RAT ADRENAL FRACTIONS (MG 
CHOLESTEROL/100 GM ADRENAL) 


Free Ester 

N* Mt St N* Mt St Total 
Cow (1) 

13 64 94 3 4 29 +207 
Rat (2) 

105 224 640 144 286 1900 3290 

*Nuclear fraction. tMitochondrial frac- 
tion. tSupernate plus microsomes. 


(1) Mean values of 4 cow glands 
(2) Mean values of 16 rat glands 


DPN, 5 X 10-‘m) and incubated at 38° for 2 hours 
in oxygen, with 5 micrograms cholesterol-4-C™ 
per 40 milliliters (containing a total of 25 xX 10° 
ct/min.). The total counts per minute of the iso- 
lated products of the three fractions were: ‘nu- 
clear’ fraction, 400; ‘mitochondrial,’ 2000; ‘micro- 
somal’ plus supernate fraction, 50. 


DISTRIBUTION OF CHOLESTEROL IN ADRENAL 
CELL FRACTIONS 


Table 2 shows the distribution of cholesterol, 
both ‘free’ and esterified, in various fractions of 
cow adrenal homogenates; for comparison, results 
of similar fractionations of adrenals obtained from 
rats, hypophysectomized 24 hours previously, are 
also presented. In these experiments the choles- 
terol present in each fraction was separated into 
its ‘free’ and ‘ester’ forms by silica gel chromatog- 
raphy of the lipoid extracts of each fraction; after 
saponification, the cholesterol was separated as 
the digitonide and measured as the Lieberman- 
Burchard chromogen. 

These data demonstrate that: a) cow adrenals 
obtained after slaughter contain very little cho- 
lesterol (most of which is unesterified) relative to 
the rat, where the bulk of the cholesterol is pres- 
ent in ester form. The significance of this differ- 
ence between cow and rat adrenals has previously 
been discussed (13). 6) In the cow gland the ‘mito- 
chondrial’ fraction, the apparent locus of the 
cholesterol-catabolic system, contains a sizable 
proportion of the total cholesterol present in the 
cell and about 40% of the total ‘free’ cholesterol. 


PRODUCTS OF C!4 CHOLESTEROL CATABOLISM IN 
ADRENAL HOMOGENATES 


The only enzyme in the course of reactions 
from pregnenolone to cortisol and corticosterone 
(ef. fig. 1) which is known to be associated with 
the adrenal mitochondria is the C-11 6 hydroxyl- 
ating system (1, 14) which is regarded as the 
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terminal step in the sequence. The other enzymes 
involved, i.e. the 38 dehydrogenase (which con- 
verts pregnenolone to progesterone) as well as 
the C-17 and C-21 hydroxylating enzyme sys- 
tems, are believed to be localized in the micro- 
somes or in the supernatant fraction (1, 3). When 


Sie ie ee a 


we found that ‘cholesterol-catabolic activity’ was | ° 
primarily associated with the mitochondria, our * 
expectation was that the major product of C¥y 7 
cholesterol metabolism by adrenal mitochondrial 3 
fractions should be pregnenolone if the other en- | = 
zymes in the sequence (with the exception of the " 
11 hydroxylating system) were not present in 
mitochondria. If pregnenolone could be 11 hy-| ? 
droxylated by the mitochondrial enzyme, then d 
118 hydroxypregnenolone might be a product. P 
When the radioactive products obtainable from ct 
‘small-scale’ mitochondrial incubations (derived fs 
from 4-6 gm adrenal cortex per incubation) were | * 
fractionated by paper chromatography, the re- pe 
sults were most surprising. The major radioact- 4 
ive zone was of mobility equivalent to proges- fu 
terone, a variety of radioactive zones more polar ” 
than progesterone (MPP) were observed, but 
despite careful search, no radioactive zone of mo- mo 


mobility equivalent to pregnenolone could be 
detected. ™~ 

Our inability to detect pregnenolone in mito- 
chondrial incubations was difficult to explain i 
view of its clear accumulation in total adrena 
homogenates, and raised the possibility thas-preg- 
nenolone might not be an intermediary in the} 
biogenesis of corticoids from cholesterol as we 
had postulated. Alternatively, it is possible that 
there might be factors present in total homoge- 
nates which influence the rates of reaction in such 
a way that pregnenolone accumulates in that sys- 
tem. Accordingly, we undertook investigations 
designed to test some factors, present in the total 
homogenate, which might influence cholesterol 
metabolism in mitochondria and lead to the ac- 
cumulation of pregnenolone. 

Mitochondria incubated in total homogenates 
differ from those incubated in cofactor medium 
alone in at least four respects: a) the presence of 
non-mitochondrial cellular components, e£- 
nuclei, microsomes and soluble protein factors 
present in the supernate; b) in Na/K ratio, since 
the cofactor medium was primarily Na, and the 
adrenal tissue contributed sizable K to the total 
homogenate; c) in ascorbic acid content, sinc 
total homogenates of cow adrenals contain about we 
235 milligrams ascorbate per 100 grams tissuegi aa 
whereas the isolated mitochondria from thigg’ PY 
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amount of tissue contain only 12 milligrams; d) 
finally, in the total molarity of the medium, 
wherein the tissue contributes a number of os- 
motically active substances to the hypotonic co- 
factor medium. 

Although our studies on the possible influence 
of the above factors are incomplete, particularly 
with respect to the possible interactions between 
non-mitochondrial structures and mitochondria, 
we have been unable, so far, to modify cholesterol 
metabolism in isolated mitochondria so that preg- 
nenolone accumulates in detectable amounts. 

If pregnenolone is not detectable, what are the 
products formed by mitochondrial action upon 
cholesterol-4-C4? To answer this question we 
pooled the C" products from 28 ‘small-scale’ mito- 
chondrial incubations (wherein we had studied 
factors like Na/K ratio, molarity, and ascorbic 
acid) and fractionated this mixture by systematic 
paper chromatography. As homogeneous zones 
were obtained, the radioactive material was then 
further fractionated on silica gel columns to re- 
move impurities derived from the paper. 

From a total of 10° counts per minute of C™ 
products, the major fraction (70%) was of 
polarity equivalent to progesterone, and follow- 
ing successive rechromatography on paper and 
silica gel, it was possible to isolate crystalline 
progesterone, which was definitely identified by 
infrared spectroscopy. The more polar products 
turned out to be a mixture of unknowns which 
we have not been able to identify. Of these, the 
Major radioactive fraction is an unknown which 
we have designated as B,; on repeated paper 
chromatography in propylene glycol-toluene it 
behaves as a homogeneous zone; in this system 
it has polarity similar to corticosterone. Appro- 
priate spot tests reveal that B, shows evidence 
for a ketol side chain and a A‘-3 ketone function. 
B, can be differentiated from corticosterone and 
17 hydroxy DOC, both by infrared (IR) analy- 
sis and by its failure to give a H,SO, reaction on 
paper. The IR analysis reveals 3 carbonyl bands. 
If B, is a single compound, one carbonyl may be 
associated with the a-8 unsaturated ketone sys- 
tem, one could be placed at C-20 to account for 
the ketol side chain, but we do not know where 
to place the third carbonyl function. At a time 
when everyone is ‘aldosterone-conscious’ it may 
be tempting to place the carbonyl at C-18, but 
we have no evidence for this. The second un- 


known, present in smaller amount than By, is a 


tadiofraction, which on repeated chromatography 
N propylene glycoltoluene shows only one radio- 
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active area. This is of polarity similar to 11- 
dehydrocort*osterone, and designated by us as 
Ao. Ae gives spot tests for A‘-3 ketone but not for 
a ketol side chain; IR analysis reveals the same 
three carbonyl bands found in B,. In addition 
to B, and Ag, traces of other unidentified prod- 
ucts, more polar than cortisol and of polarity 
equivalent to cortisone, were observed. 

Of major interest to us was the fact that de- 
spite a careful search, no trace of 11 6-hydroxy- 
progesterone, 17 a-hydroxyprogesterone, DOC, 
corticosterone or cortisol could be detected. We 
have already commented upon the fact that preg- 
nenolone could not be detected in our prelimi- 
nary surveys; it likewise could not be detected in 
the pooled sample. Apparently the mitochondria 
contained the enzymatic apparatus necessary to 
convert cholesterol to progesterone, but did not 
possess C-17, C-21, or C-116 hydroxylating ac- 
tivity at an effective site of the structure to per- 
mit further enzymatic transformation of the pro- 
gesterone produced to produce cortisol or cor- 
ticosterone. This is not to say that a C-21 
hydroxylating system is not present, for it will 
be recalled that B, appears to be a ketol. In the 
absence of the above hydroxylating activities a 
new pathway of progesterone metabolism seemed 
to be operative in mitochondria to produce un- 
identified more polar products at a slow rate 
relative to the conversion of cholesterol to proges- 
terone. 

The nature of these apparently new C™ prod- 
ucts was of sufficient interest to warrant their 
further investigation. To obtain sufficient mate- 


TABLE 3. C" prRopUCTS ISOLATED FROM 
‘LARGE-SCALE’ MITOCHONDRIAL 








INCUBATIONS* 
Total Ct/mu/ | % Tota! 
C4 Products Ct/Min. Min. cu Pp 

X 103 X 105 ducts 
cholesterol 14.3 
progesteronef 12.6 13.0 40 
118 hydroxyproges- hal 20 

teronet 

corticosteronet 5.2 8.9 16 
‘E’ 3.0 10 
cortisolf 3.1 9.2 10 
‘MPF’ + 














* Mitochondrial fraction obtained from an 
equivalent of 100 gm adrenal cortex, suspended 
in 400 ml of cofactor-buffer medium, containing 
0.025 m sucrose, incubated with 50 ug. cheles- 
terol-4-C“ (250 X 10% ct/min.) for 2.5 hrs at 
38° (Oz). 

t Identified by infrared analysis. 





780 


rial for identification purposes we decided to pre- 
pare mitochondrial fractions on a ‘large-scale,’ 
using the equivalent to 200-300 grams adrenal 
cortex, instead of the usual ‘small-scale’ prepara- 
tion involving 50 grams of cortical tissue. Three 
experiments with mitochondria produced on a 
‘large scale’ were performed and the products 
fractionated by paper chromatography. The 
major products were isolated and identified by 
IR analysis. The results of all experiments were 
essentially similar, but the products formed were 
completely different from those of the ‘small- 
scale’ mitochondrial preparations. We had under- 
taken the ‘large-scale’ experiments hoping to iso- 
late and identify B, and Aj; neither of these could 
be detected. Instead, the products obtainable 
from ‘large-scale’ preparations shown in table 3 
are very similar to those of total homogenates in 
that corticosterone, cortisol, and progesterone are 
major C™ products. An ‘E’ zone containing al- 
dosterone as one component was also observed, 
as determined by bioassay and chromatography 
by Drs. Simpson and Tait but as with the homog- 
enate experiments, it cannot be concluded that 
the aldosterone was radioactive although it was 
produced in the mitochondrial system. 

The only qualitative differences between these 
mitochondrial preparations and total homogen- 
ates were the presence of 116 hydroxyproges- 
terone in the former, but not the latter, and the 
absence of pregnenolone as a mitochondrial 
metabolite of cholesterol. If the qualitative dif- 
ferences are small, Table 4 reveals that there are 
considerable quantitative differences between 
these preparations. Whereas cortisol and corticos- 
terone constitute about 70% of the products in 
total homogenates, they account for about 
26% of the C™ products in the ‘large-scale’ mito- 


TABLE 4. ACCUMULATION,OF C! PRODUCTS 
IN VARIOUS HOMOGENATE 

















PREPARATIONS 

sate ne 

Total reparations 

Product Semamenine 

Large-scale | Small-scale 

Progesterone 6.6 40 70 
Pregnenolone 10.0 N.D.* N.D.* 
118 Hydroxy-| N.D.* 20 N.D. 

progesterone 

Corticosterone 50.0 16 N.D. 
Cortisol 21.0 10 N.D. 








Values are % of total C“ products isolated. 
* Not detectable. 
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chondrial incubations. It is clear in these mito- 
chondria experiments, that although the entire 
battery of enzymes involved in the conversion of 
cholesterol to corticoids is present, the rate of 
progesterone conversion to corticoids is slow com- 
pared to its formation from cholesterol in contrast 
to total homogenates. The presence of 118 hy- 
droxyprogesterone as a product in these mito- 
chondrial incubations, but not in homogenates, 
is probably the resultant of the accumulation of 
progesterone as a consequence of the limited ca- 
pacity of the C-17 and C-21 hydroxylation ae- 
tivities to transform progesterone to cortisol and 
corticosterone. 

What are the differences between the ‘small- 
scale’ and ‘large-scale’ experiments which could 
account for such a striking disparity? The ques- 
tion effectively resolves itself into a consideration 
of why apparently similar mitochondria exhibit 
C-17, C-21, and C-118 hydroxylating activities 
in one case (large-scale) but not in the other 
(small-scale). We have reviewed step by step all 
of our technics with respect to preparation of 
mitochondria, conditions of incubation, and iso- 
lation of products. The only difference which we 


think of which may explain these results involves f 


a step in the spinning down of the mitochondria, 
after removal of nuclei and debris. In our ‘large- 


scale’ experiments it was necessary for us to spin 
down the mitochondria from 1500 milliliters of F 


homogenate. We could centrifuge only 300 milli- 


liters at a time in our centrifuge cups, and added F 


additional homogenate to the mitochondrial pel- 
let of the previous spinning. In our ‘small-scale’ 
experiments, where the total volume of homo- 


genate was 300 milliliters, the mitochondria were —* 


spun down once and then resuspended for wash- 


ing. The procedure employed in ‘large-scale’ [*™ 


workup concentrated the mitochondria some five 


times in the final spinning, and this may have F 
resulted in the adsorption of non-mitochondrial 
enzymes which then could not be removed by f° 


two washings with isotonic sucrose. 


Independent of the final explanation, these dif- [™ 


ferences between ‘large-scale’ and ‘small-scale’ 


mitochondrial preparations point up the extreme [ 
difficulty in assigning particular enzyme activi- 


ties to specific cellular structures. Subtle differ- 
ences in technic produce marked qualitative dif- 
ferences. Thus it is not possible from these dats 


to assign a mitochondrial location to some ea- 


zymes, but not others. All that can be said is that 
some enzyme activities are easier to dissociate 
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jm this organelle than others; in the case of the 
lesterol metabolic sequence, it is clear that the 
ystems involved in the conversion of cholesterol 
p progesterone are more firmly associated with 
itochondria than are the enzyme activities in- 
ilved in the subsequent steps. Do results such 
s these signify that certain enzymes may be 
nobile’ in the sense that they shift from one site 
the cell to another, being temporarily adsorbed 
1 the surface of a cell constituent and then re- 
used? If so, this would provide a basis for ob- 
hining an orderly, directed series of reactions 
ving rise to specific end products. 

In considering the ‘cholesterol sequence’ of 
gure 1, where some of the participating enzymes 
me considered to be non-mitochondrial, such a 
wchanism involving adsorption of ‘mobile’ en- 
mes on mitochondria would provide a basis for 
he orderly control of the cholesterol metabolic 
uite. Of the very large number of possible prod- 
is which are formed in the conversion of choles- 
ol to corticoids, it should be recalled that even 
) the ‘large-scale’ mitochondrial incubations, 
ily a limited number actually accumulated. 
here is one further implication of the ‘mobile 
msyme’ view which must be mentioned. The 
monstration that a particular enzyme is pri- 
warily localized in a specific site in the cell need 
far no necessary relationship to the cellular site 
t which the enzyme participates in a biochemical 
quence. For example, as a consequence of care- 

examination of cellular fractions ‘of adrenal 
mmogenates, Samuels and his associates (per- 
nal communication) have concluded that the 
§ dehydrogenase activity which converts preg- 
molone to progesterone is concentrated mainly 


_ Pithe ‘microsomes;’ small amounts of this enzyme 
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te found in the mitochondrial fraction and this 
ivity, while difficult to remove, can neverthe- 
ms be reduced by successive washing. On the 
wepted view, the presence of this ‘microsomal’ 
uyme in the mitochondrial fraction represents 
contaminant which arises because of the limita- 
ms of our present technics of fractionating cel- 
ar constituents. If, however, the mitochondrial 
sorption thesis presented here be accepted, the 
mative must be considered that only that 
ition of the enzyme associated with the mito- 
londria may be considered biochemically active 
terms of corticoid biogenesis; the bulk of the 
yme localized in microsomes may represent 

ly the storage site of activity which is poten- 
ly available. 
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SOME FACTORS WHICH INFLUENCE THE MITO- 
CHONDRIAL METABOLISM OF 
CHOLESTEROL-4-c"4 

During the course of these investigations, we 
had occasion to study the influence of a variety 
of factors upon the C'-cholesterol catabolic ac- 
tivity of isolated mitochondrial fractions in 
‘small-scale’ experiments. Although these studies 
are not complete, the following points. seem 
worthy of note: 

Ionic Composition. Alteration of the Na/K 
ratios in hypotonic media influences the per- 
centage conversion of C-cholesterol to products. 
Using cofactor medium containing 0.025 m su- 
crose, the conversion in K is higher than in Na, 
but the ratio MPP/progesterone, determined by 
count, is unaltered. 

Molarity. Addition of sucrose to the K-co 
factor medium to final concentrations up to 0.25 
M (isotonic) had no striking influence on either 
the yield or the MPP/progesterone ratio of the 
C¥ products. 

Cofactor Requirements. Fumarate and Mg are 
necessary for maximal conversion of cholesterol 
to C™“ products; these factors probably act at a 
stage prior to progesterone. ATP appears to have 
a ‘restraining influence’ on C™ cholesterol me- 
tabolism, exerted primarily at a level after pro- 
gesterone; thus in its absence the MPP are in- 
creased 2-4 fold, while the accumulation of pro- 
gesterone is diminished. DPN and niacinamide 
do not appear to be involved in the conversion of 
cholesterol to progesterone, although the MPP are 
decreased by the absence of DPN. 

ACTH. We have tested the influence of ACTH 
upon mitochondrial metabolism of C™ choles- 
terol, under a variety of conditions. Under cer- 
tain conditions we have obtained striking in- 
creases up to 200% in the rate of C“ cholesterol 
conversion by the addition of ACTH at a con- 
centration of 1-2 1v per liter of medium. How- 
ever, such effects have been obtained in only 2 
of 5 trials and are not sufficiently consistent for 
us to conclude that ACTH acts directly on mito- 
chondria. 

Ascorbic Acid. It has been found that the addi- 
tion of ascorbic acid (final concentration, 2.3 x 
10-* m) increases the percentage conversion of 
C™ cholesterol to radioactive products, and also 
increases the ratio of MPP/progesterone. This 
occurs both when hypotonic and isotonic media 
are used for suspending the mitochondria and is 
independent of the K/Na ratio. 
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CONCLUDING REMARKS 


It is clear that these studies have answered 
none of the questions which prompted this in- 
vestigation. Instead, a host of new questions have 
arisen to add further complexities to the prob- 
lems of corticosteroid biogenesis. The role of 
pregnenolone as an intermediary in the conver- 
sion of cholesterol to progesterone in mitochon- 
dria now appears to be somewhat questionable. 
Although it is not possible from these data to 
exclude its role as an intermediary, it is difficult 
to account for our failure to detect pregnenolone 
in mitochondrial incubations, as opposed te its 
accumulation in total homogenates, on any sim- 
ple kinetic basis. If pregnenolone were indeed a 
precursor of progesterone, under conditions where 
mitochondria markedly accumulate progesterone, 
one might expect that pregnenolone should also 
tend to accumulate. Studies with C™ labeled 
pregnenolone should clarify this difficulty. 

The evidence which suggests a new pathway 
for cholesterol metabolism in mitochondria 
(small-scale) wherein a series of products are ob- 
tained in trace amount, focuses attention on an 
aspect of corticosteroidogenesis which has not 
received adequate attention. Finally, these stud- 
ies have illustrated the complexity of the prob- 
lem involved in localizing the specific enzymes 
concerned with cholesterol conversion to corti- 
coids in terms of specific cell structures. 

These difficulties which have arisen are to be 
welcomed, for they demonstrate that our initial 
picture of corticosteroid biogenesis, essentially 
primitive, is in a process of change and develop- 
ment. A mature picture of the biochemical proc- 
esses involved in corticosteroid biogenesis will 
necessitate not only an understanding of a se- 
quence in terms of individual chemical reactions, 
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but an appreciation of the dynamic organizatio 
of the various components within the cell in Teg 
ulating and directing these reations. 


We wish to thank Mr. Paul Skogstrom for ad 
vice and interpretations concerning the infrare 
spectra, and Mr. Morris Feinstein for valuab) 
assistance. 
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From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 


Philadelphia, Pennsylvania 


vol. Rer there have been extensive in vitro 
.consewiudies on the biosynthesis of cholesterol, rela- 
KER av@lively little has been published on the initial steps 
Res. fin the degradation of cholesterol. It is proposed 
here to present some data on two different en- 
me systems, contained respectively, a) in liver, 
‘wes angand 6) in adrenal glands, testes and ovaries, and 
oquia oawhich probably initiate the first steps in the 
physiological formation of the bile acids and the 
Atteroid hormones. 
Biocheny The oxidation of cholesterol-26-C™ to carbon 
lioxide by liver slices has been reported by Chai- 
off et al. (1), and Anfinsen et al. (2) have studied 
cell-free preparation from liver which is capable 
wrpsteny “leaving the side-chain to COz. Evidence pub- 
per avgshed by Zabin and Barker (3) as well as from 
954. four laboratories (4) suggests that cholic acid is 
rentia Werived from cholesterol primarily by cleavage 


as | the three terminal carbon atoms of the side 


Soc. Ee. 
In an effort to obtain information concerning 


Piochemhe fate of this terminal isopropyl fragment of the 

de-chain, we have undertaken some preliminary 
‘BOOM: Atndies with cholesterol-26-C“. A solubilized 
~ Adrenpatticulate fraction obtained from rat liver homo- 
-k: Macenates was found capable of converting radio- 
ive cholesterol to several products. Although 
he results obtained are still irregular (table 1), 
re have frequently obtained evidence for the 
roduction of the following radioactive com- 
ounds: 1) carbon dioxide. 2) 25-dehydrocholes- 
rol. (A previous report by Frederickson, Horn- 
ig and Anfinsen (5) has indicated that 25-dehy- 
ocholesterol-26-C-14 is more rapidly converted 
0 radioactive carbon dioxide by rat liver prepa- 
tions than is cholesterol-26-C-14.) By use of 
he phenoxyethanol-heptane paper chromato- 
raphic system of Neher and Wettstein (6) we 
ave succeeded in separating 25-dehydrocholes- 
mol from cholesterol. With this technique, a 
dioactive 25-dehydrocholesterol fraction was 
lated from rat liver homogenates and extracts 
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which has been incubated with cholesterol-4-C- 
14. 3) A steroid aldehyde, which on mild oxida- 
tion with cold neutral silver oxide yielded a 
steroid acid. This acid was purified by chromato- 
graphic procedures and appears to be a B-hydroxy 
acid since treatment with cold potassium per- 
manganate followed by warming with strong 
alkali yields labeled carbon dioxide and labeled 
acetate. 4) A steroid acid having the same R; and 
properties as the one made from the steroid alde- 
hyde has also been isolated. 

Although there will undoubtedly be future 
modifications introduced, this mechanism (fig. 1) 
at the moment appears to be consistent with all 
of the observations. It envisions the formation 
of a substituted malonic semi-aldehyde from the 
dehydro compound with accompanying introduc- 
tion of a B-hydroxy] group. This compound should 
readily decarboxylate to yield the aldehyde which 
is postulated to form the B-keto acyl CoA deriva- 
tive. This, following suitable hydroxylation of the 
nucleus would then cleave by a thiolase type of 
reaction to give cholyl CoA. Siperstein (7) has 
presented evidence indicating that formation of 
cholyl CoA precedes conjugation. Coenzyme A 
has been found to stimulate CO, formation in our 
system. It should be emphasized that our prepa- 
rations are capable of carrying the metabolic 
process only as far as the 6-hydroxy acid. It is 
hoped that conditions will be found which will* 
permit the subsequent formation of bile acids. 

In contrast to liver, the cytoplasmic portion of 
adrenal glands, testes and ovaries contains en- 
zymes capable of cleaving the side-chain of cho- 
lesterol to isocaproic acid (8); cf. table 2. The 
process is rapid, efficient and reproducible. The 
enzymes are obtained by homogenization in iso- 
tonic sucrose solution followed by removal of all 
particulate matter at 100,000 x g for 30 minutes. 
The enzyme system is stable to precipitation with 
ammonium sulfate and subsequent dialysis. Ac- 
tivity is restored after such treatment by the sub- 
sequent addition of ATP and DPN as shown in 
table 3. After incubation at px 8, the isocaproic 
acid can be isolated by extraction from the incu- 
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TABLE 1. METABOLIC PRODUCTS DERIVED FROM 
CHOLESTEROL-26-c!4 BY INCUBATION WITH 
PARTICULATE FRACTION OF RAT LIVER 


Counts 
Cpd Recovered dena d 
25-Dehydrocholesterol 3-4 
Carbon dioxide 5-15 
Steroid acid 2-8 
Steroid aldehyde 2-5 
le et 
25-DEHYDROCHOLES TEROL 
Lr, bres he 
® on ‘CHO oH \CHO 


© CO-SCoA 
Fia. 1 


TaBLE 2. STEAM VOLATILE ACIDS RECOVERED 
FROM ADRENAL FRACTIONS AFTER INCUBATION 
WITH CHOLESTEROL-26-c!4 


Total 


Fraction Counts/Min. 
Boiled supernatant fluid 20 
Supernatant fluid 1000 
Particles (100,000 x G) 140 
Homogenate 280 


Substrate: Cholesterol-26-C™ (30,000 counts/ 
min.). Cofactors: DPN, .002m; ATP, .002m; CoA, 
002m; MgCl:, .02m. Incubation time, 3 hr. Gas 
phase, air. 


bation mixture followed by chromatography on 
paper. Figure 2 demonstrates the preponderance 
of activity in the isocaproic acid fraction. Al- 
though a small amount of activity is frequently 
found in propionic acid this is to be expected, 
since propionic acid has been shown to be a meta- 
bolic oxidation product of,isocaproic acid (9). 
The identification of the remaining steroid frag- 
ment (following cleavage of isocaproic acid) has 
been more difficult. Although it was anticipated 
that the product would be pregnenolone or pro- 
gesterone, we were at first unable to demonstrate 
this by means of the usual carrier or trapping 
techniques. Recently this has been accomplished 
by employing enzyme systems prepared from ad- 
renal glands which had been stored in the frozen 
state for several days. With such preparations, 
cholesterol-4-C-14 is converted to pregnenolone 
and progesterone. These two steroids were iso- 


TaBLeE 3. STEAM VOLATILE ACIDS RECOVERED jgte 
FROM ADRENAL FRACTIONS AFTER INCU- ; 
BATION WITH CHOLESTEROL-26-c" 
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lated by extraction from the medium followed by 
chromatography on a florisil column and subse- 
quent paper chromatography of the eluates. Fur- 
ther characterization was obtained by addition 
of suitable carrier and repeated crystallization to 
constant specific activity. The pregnenolone was 


‘Ifurther identified by converting it to A®*-preg- 


nene-38 ,208 diol by means of lithium aluminum 
hydride. 

If pregnenolone or progesterone is added as 
trapping agent during incubation of cholesterol 
4.C" with extracts of fresh adrenals, neither com- 
pound can be recovered radioactive. If, however, 
such preparations are incubated in the presence 
of A®-pregnene-38-ol, A*-pregnene 38 ,20a-diol or 
A*pregenene-36 ,208-diol respectively, then ra- 
dioactive pregnenolone and progesterone can be 
recovered. Furthermore, significant quantities of 



















b-o| te 
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progesterone, can be recovered from a substance 
having an R; midway between Compound E and 
ompound § in the propylene glycol-toluene 
paper chromatographic system. This substance 
was formed in large amounts during the incuba- 
ion of adrenal preparations with labeled proges- 
srone and was also found to a lesser extent with 
abeled cholesterol. Upon reduction of this com- 
pound with lithium aluminum hydride, some 
A* pregnene-36 ,206-diol has been obtained. The 
original compound is stable to alkaline saponifica- 
tion conditions but is cleaved to progesterone by 
acid. The alkali stability, acid lability and failure 
pf the complex to give appreciable radioactve 
odoform on treatment with hypoidite, suggests 
hat the carbonyl group at carbon 20 of proges- 
erone-21-C is involved or blocked. If such com- 
plexing is a general phenomenon, it can compli- 
fate the isolation and identification of steroid 
itermediates in such mixtures. Heard (10) and 
Hechter (11) have reported finding a compound 
ith a similar R;, and it may therefore be pos- 
ble that the three laboratories are dealing with 
we same phenomenon. It should be mentioned 
0 that while we have detected a number of 

lioactive compounds with R; values similar to 
mown adrenocortical steroids, the addition of 
rresponding carriers and subsequent crystal- 
ation indicated their non-identity. In our ex- 
erience. reliance on chromatography alone has 
roved to be treacherous. Wherever possible we 
ive attempted to confirm the identity of such 
actions by the addition of carrier, re-crystalliza- 
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tion to constant specific activity and subsequent 
preparation of suitable derivatives. 

The mechanism by which the isocaproid acid 
fragment is formed has been investigated. 22- 
Ketocholesterol and 22-hydroxycholesterol (the 
latter compound prepared in our laboratory for 
the first time) appear not to be intermediates. 
However, large amounts of a substance having 
the chromatographic and chemical characteris- 
tics of a hydroxylated cholesterol have been 
detected in all of our incubations with radio- 
active cholesterol. Figure 3 indicates that this 
substance is more poiar than 22-hydroxycholes- 
terol. Preliminary evidence indicates that it may 
be 20-hydroxycholesterol. 

The adrenocortical hormones as such are not 
isolable in significant quantities from the super- 
natant enzyme system, whether progesterone or 
cholesterol is used as substrate. It is apparent 
from the work of Hechter and others (12) that the 
particulate fraction is involved in the conversion 
of pregnenolone and progesterone to the adreno- 
cortical steroids. We have in a preliminary way 
verified this in our laboratory. 
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XX International Physiological Congress 


The XX International Physiological Congress will be held in Brus- 
sels, Belgium, July 30 to August 4, 1956. Full information and membership 
application forms from the Secretary-General of the Congress will be mailed 
from the Federation Office to all members of the constituent Societies. 


TRAVEL GRANTS 


The funds of the Federation’s International Physiological Congress 
Trust will be able to provide 30 or more travel grants for attendance at the 
Congress. A committee of the Federation is being named to administer these 
awards. Applicants must not have reached the age of 35 by July 1, 1956 
and must not have reached the rank of full professor, or its equivalent in 
nonacademic positions. An applicant need not be a member of one of the 
Federated Societies, but he must be introduced and recommended by a 
member. To receive a travel award, an individual must present a paper at 
one of the scientific sessions of the Congress. Awards will probably be in the 
amount of $500 each. 

Further information will be mailed to Federation members about 
September 15. 


TRAVEL SERVICES 


The Foreign Services Corporation, 1624 I Street, N.W., Washington 

6, D.C., has been appointed as the official Travel Agency for the Federation. 

They will offer the following: 

1. Procurement of steamship and airline reservations and tickets. 

2. Arrangement for charter airplane service, provided enough applications 
are received to fill one or more planes. Cost of round-trip flight by char- 
tered plane will be less than standard scheduled airline rates. 

3. Arrangements for shipment of your automobile to Europe, if desired, or 
for the rental of automobiles in Europe. 

4. Arrangements for foreign exchange at favorable rates. 

5. Arrangements for any tours that may be desired— individual, group, con- 
ducted or non-conducted. 

If you have plans for attending the Congress, it is urged that you write 
directly to Foreign Services Corporation at the address given above and 
tell them your needs. They will give you full information and help. 
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AAAS ATLANTA MEETING 
DECEMBER 26-31, 1955 


The 122nd Meeting of the American Association for the Advancement of Science will include ses- 
sions of 17 AAAS sections and of some 60 participating organizations. Programs of particular interest 
to members of the Federation are: 


I. AAAS. Presidential Address by Warren Weaver, VI. AAAS Sections M-Engineering and N-Medi. 


Dec. 28; general session on Shortage of Scientists, cal Sciences. Two-session symposium on 
Dec. 29. Engineering Aids to Handicapped People, Dee, 

II. AAAS and Oak Ridge Institute of Nuclear 0. 
Studies. Four-session symposium on Atomic VII. AAAS Section N-Medical Sciences. Four. 
Energy and Agriculture arranged by Cyril L. session symposium on Microbiology and Medical 
Comar: Part III, Animal Metabolism, Dec. 28; Research, arranged by S. E. Luria: I. Nutrition 
Part IV, Food Sterilization (by radioisotopes), of Microorganisms, II. Metabolic Aspects of 
Dec. 29. Medical Micoabiplony. Dec. 27; III. Radiation 
‘ hades Effects in Microbiology, IV. Chemotherapy, 
mage os Parag cy Sheeran ee bee aes ag Dec. 28. Included will be the Vice Presidential 
po! snical Baas vse to Chemical Aaeiies pet ed Address of Luria, 11th presentation of Theobald 
gl om ’ 8 Smith Award, and first presentation of Anne 


by Jules S. Cass and Herbert Stokinger, Dec. 


28; two-session symposium on Radiation Chem- Frankel Rosenthal Memorial Award for Cancer 


istry, Dec. 30; contributed papers in organic Research. 
and medicinal chemistry, Dec. 27 and 31. VIII. AAAS Section Nd-Dentistry, American Den. 
tal Association, et al. Symposia, arranged by 
IV. AAAS Section F-Zoological Sciences. Two- Joseph F. Volker, on Physiology of the Salivary 
session symposium on Formation and Early Glands, and on Oral Structures in Forensic 
Development of the Embryo arranged by R. C. Medicine, Dec. 28. 


von Borstel, Dec. 27; contributed papers in 


animal physiology, cytology, embryology, experi- IX. AAAS Section Np-Pharmacy, American 


mental biology, etc., Dec. 26, 27, 30. Pharmaceutical Association et al. Syn- 

posia, arranged by John E. Christian, on Appl- 

V. AAAS Section I-Psychology. Invited papers cations of Nucleonics to the Health Professions, 

on Recent Studies of the Sensory Processes, ar- Dec. 27, and on Toxic Household Materials 

ranged by John F. Hahn, and Physiological Be- and Appropriate Antidotes, Dec. 29; contributed 

havior: The Brain and Behavior, arranged by papers in hospital pharmacy and in pharmacol. 
Harlow W. Ades, Dec. 28. ogy, Dec. 28-30. 


SOCIETAL PROGRAMS 


Alpha Epsilon Delta. Annual Luncheon and address by William McGlothlin on Medical and Dental 
Education in the Southern States, Dec. 28. 


American Association of Clinical Chemists. Symposium on Recent Concepts in Clinical Chemistry, 
Dec. 26; contributed papers, Dec. 27. 


American Association of Hospital Consultants. Symposium on Place of Experimentation in Hospital Ad- 
ministration, arranged by Jack Masur, Dec. 29. 


American Physiological Society. A program arranged by Fred A. Hitchcock. 
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American Psychiatric Association and American Physiological Society. Physiological Bases in Psy- 
chiatry, arranged by Harold E. Himwich: I. New Psychopharmacologic Agents, II. Mechanisms 0 
Actions in New Agents, Dec. 27; III. Effects of Alcohol on Brain Respiration and Metabolism, 


IV. Alcohol addiction, Dec. 28. 


American Society of Parasitologists. Contributed papers in parasitology, Dec. 28-30; demonstrations 
at Emory University, Dec. 29. 


Sigma Pi Sigma and Alpha Epsilon Delta. Symposium: Role of Physics in Premedical Education, Dec. 26. 
Society of General Physiologists and Association of Southeastern Biologists. Symposium on Applic 
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tions of Immunochemistry to Biological Research, arranged by Norman G. Anderson, Dec. 28. 


The AAAS Annual Exposition of Science and Industry and the AAAS Science Theatre, with recen 
foreign and domestic films, will be prominent features of the meeting. Coupons for sleeping accommods 
tions and advance registration will be found in SCIENCE, beginning July 22, and THE SCIENTIFIC 


MONTHLY, beginning August. 
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